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This thesis is concerned with the fabrication methodology of polymeric photonic 
crystals operating in the visible to near infrared regions and the correlation between the 
chemical deposition morphologies and the resultant photonic stopband enhancements of 
photonic crystals.    
Multiphoton lithography (MPL) is a powerful approach to the fabrication of 
polymeric 3D micro- and nano-structures with a typical minimum feature size ~ 200 nm.  
The completely free-form 3D fabrication capability of MPL is very well suited to the 
formation of tailored photonic crystals (PCs), including structures containing well 
defined defects.  Such structures are of considerable current interest as micro-optical 
devices for their filtering, stop-band, dispersion, resonator, or waveguiding properties.  
More specifically, the stop-band characteristics of polymer PCs can be finely controlled 
via nanoscale changes in rod spacings and the chemical functionalities at the polymer 
surface can be readily utilized to impart new optical properties.   
Nanoscale features as small as 65 ± 5 nm have been formed reproducibly by using 
520 nm femtosecond pulsed excitation of a 4,4'-bis(di-n-butylamino)biphenyl 
chromophore to initiate crosslinking in a triacrylate blend.  Dosimetry studies of the 
photoinduced polymerization were performed on chromophores with sizable two-photon 
absorption cross-sections at 520 and 730 nm.  These studies show that sub-diffraction 
limited line widths are obtained in both cases with the lines written at 520 nm being 
smaller.  Three-dimensional multiphoton lithography at 520 nm has been used to 
fabricate polymeric woodpile photonic crystal structures that show stop bands in the 
visible to near-infrared spectral region. 
 xxiii 
85 ± 4 nm features were formed using swollen gel photoresist by 730 nm 
excitation MPL.  An index matching oil was used to induce chemical swelling of gel 
resists prior to MPL fabrication.  When swollen matrices were subjected to multiphoton 
excitation, a similar excitation volume is achieved as in normal unswollen resins. 
However, upon deswelling of the photoresist following development a substantial 
reduction in feature size was obtained.  PCs with high structural fidelity across 100 µm × 
100 µm × 32 layers exhibited strong reflectivity (>60% compared to a gold mirror) in the 
near infrared region.  The positions of the stop-bands were tuned by varying the swelling 
time, the exposure power (which modifies the feature sizes), and the layer spacing 
between rods.   
Silver coatings have been applied to PCs with a range of coverage densities and 
thicknesses using electroless deposition.  Sparse coatings resulted in enhanced reflectivity 
for the stop band located at ~5 µm, suggesting improved interface reflectivity inside the 
photonic crystal due to the Ag coating.  Thick coatings resulted in plasmonic bandgap 
behavior with broadband reflectivity enhancement and PC lattice related bandedge at 
1.75 µm.  Conformal titania coatings were grown onto the PCs via a surface sol-gel 
method.  Uniform and smooth titania coatings were achieved, resulting in systematically 
red-shifted stopbands from their initial positions with increasing thicknesses, 
corresponding to the increased effective refractive index of the PC.  High quality titania 
shell structures with modest stopbands were obtained after polymer removal. 
Gold replica structures were obtained by electroless deposition on the silica cell 
walls of naturally occurring diatoms and the subsequent silica removal.  The micron-
scaled periodic hole lattice originated from the diatom resulted in surface plasmon 
interferences when excited by infrared frequencies.  The hole patterns were characterized 
and compared with hexagonal hole arrays fabricated by focused ion beam etching of 
similarly gold plated substrate.  Modeling of the hole arrays concluded that while diatom 
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replicas lack long-ranged periodicity, the local hole to hole spacings were sufficient to 
generate enhanced transmission of 13% at 4.2 µm. 
The work presented herein is a step towards the development of PCs with new 
optical and chemical functionalities.  The ability to rapidly prototype polymeric PCs of 
various lattice parameters using MPL combined with facile coating chemistries to create 
structures with the desired optical properties offers a powerful means to produce tailored 






1.1  Introduction to Photonic Crystals 
Photonic crystals (PC) are an interesting class of optical material where the 
periodic modulation of the refractive index forbids the propagation of photons with 
specific frequencies through these structures, analogous to the electronic band gap in 
semiconductor crystals [1-3].  These photonic bandgaps can be engineered to the desired 
operational frequencies by manipulation of the PC’s lattice periodicity and refractive 
index [4-6].  While PCs with large dielectric contrast can act as perfect reflectors or 
filters [5], much of the research interest had involved the incorporation of line defects to 
control the direction of light propagation and spot defects to form microcavites for lasing 
applications [7].  The development of these various functionalities should enable the 
creation of photonic circuits that can carry out signal processing on a photonic chip [8], 
much like the integrated circuits for electronics.   
Whereas photonic bandgaps inhibit light propagation in all directions, PCs that 
exhibit directional stopbands can be achieved in a much wider range of materials and 
designs due to the reduced restrictions in the refractive index contrast.  These photonic 
stopbands can be utilized in a broad range of applications, for example:  1) superprism 
effects where the dispersion of the angle of refraction can be used to spatially separate 
wavelengths for signal processing [9, 10], 2) sensing applications where attachment of 
analytes alter the local refractive index resulting in a shift of the band position, 3) 
superpositioning of stopband spectra to modify the intensity distribution of an emission 
spectrum [11], reduction of lasing thresholds [12], and fluorescence enhancement through 
the elimination of forward optical loss [13].   
 2 
1.2  Challenges in the Fabrication of Photonic Crystals 
Numerous techniques have been employed to fabricate PCs with a wide range of 
lattices and various materials compositions, ranging from semiconductor-based structures 
[5], to self-assembly of microspheres [14, 15], as well as through holographic lithography 
[16, 17].  While each technique has its merits, lengthy fabrication times coupled with 
limited structural variability hinders their application versatility.  In contrast, multiphoton 
lithography (MPL) is a versatile fabrication method because of the ability to rapidly 
generate PCs of different symmetries, periodicities and defects through a free-form 
lithography process that can be defined through a simple CAD file defining the desired 
structural parameters [18].  The fabrication process can be relatively straightforward as 
the photoinduced crosslinking of the 3D patterned volume can be developed in a single 
solvent wash step [19].  Furthermore, wide-ranging photosensitive materials, including 
acrylates, epoxys, organic-inorganic hybrids, as well as sol-gels, can be patterned by 
MPL to obtain the desired mechanical, chemical and optical properties [20-24].   
Two critical features in the MPL fabrication of PCs are spatial resolution and 
material dielectric contrast:  the spatial resolution of the crosslinked volume controls the 
spectral position of the photonic stopbands while the dielectric contrast affects the 
intensity of the stopbands.  The operational frequency of the PC scales can also be 
controlled through manipulation of its lattice constants. A typical MPL systems utilizes 
an excitation wavelength of ~800 nm from a mode-locked Ti:sapphire laser to produce 
volume elements with minimum dimensions of ~200 nm in the lateral direction and ~500 
nm in the axial direction [25-27].  Therefore, these sizes dictate the minimum achievable 
layer spacing of fabricated PCs and, as a result, the range of photonic stopbands is limited 
on the short wavelength side to the near-infrared spectral region (~1 to 1.3 µm) [4, 26].  
While there have been several reports on resolution improvements in feature sizes by 
reducing the crosslinking density in the exposed volume [20, 28-30], most of these 
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methods rely on mechanical support designs that cannot be translated to formation of 
three-dimensional PCs.  Post fabrication modification of PCs has been presented as an 
alternative route for resolution improvement, however these routes typically result in 
either anisotropic feature reduction, as in plasma etching [31] or thermal liberation of 
organic species [24], or structural deformation as found during a sol-gel condensation 
approach [21].  
The intensity of the photonic stopbands is dependent on the refractive index 
contrast imparted to the PC; typical polymerizable materials possess moderate refractive 
indices (1.5 to 1.6) which result in reduced PC intensities thereby limiting potential 
applications [4, 25, 26, 32].  Chemical modification to the polymeric PCs and/or 
deposition of metals or semiconductors onto the structures provides a way to manipulate 
the dielectric contrast to enhance stopband performance and thereby broaden the range of 
applications [33-38].  Additionally, through the metallization approach, once the 
thickness of the metal becomes greater than the skin depth, the coated polymeric PCs 
behave like metallic structures [35, 36], which show promise as filters for thermal and 
terahertz applications [39].  
In addition to the aforementioned synthetic PCs, there are PCs that also exist 
naturally including opals [14] as well as a wide range of biologically produced photonic 
structures [40-42].  The intricate ordering found in beetle scales [43, 44], butterfly wings 
[45], peacock feathers [46], and diatoms [47] not only exhibit interesting optical 
properties [48-50], but are also ideal templates for investigating surface modifications 
and their resulting optical changes [51]. These benefits are due to their microporous 
morphology that is reminiscent of the MPL fabricated PCs as well as the scalable 
syntheses afforded by these naturally occurring objects.   
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1.3  Objectives of Dissertation Work 
MPL has been demonstrated to be a powerful technique for the fabrication of a 
wide range of microstructures.  The versatility of this method has been employed in the 
production of PCs with a broad range of lattice parameters typically resulting in photonic 
stopbands in the infrared wavelength region.  Researchers have begun to address the 
materials limitations imposed by the photopolymerizable resin systems through chemical 
modifications.  Most of these efforts thus far, however, have been driven by proof-of-
concept type demonstrations.  For instance, very few reports have investigated the 
coating morphologies of the microporous PCs and their effect on the resultant optical 
characteristics.  Furthermore, many reports on improved resolution of MPL generated 
features demonstrate the feasibility of achieving finer feature sizes without considering 
the practicality of these approaches for building free standing 3D structures.   
The objectives of this dissertation work were two-fold.  The first objective was to 
develop methods to improve the resolution of MPL for the fabrication of PCs with 
expanded stopband tunability towards the visible portion of the electromagnetic 
spectrum.  The key questions addressed were: 
1. Does the wavelength dependence of the diffraction-limited focal volume 
translate to improved MPL fabrication resolution at shorter excitation 
wavelengths? 
2. Will the reduction of crosslinkable groups within the excitation focal volume 
lead to a systematically-controllable method for feature size reduction and will 
this method give rise to isotropic resolution improvement compared to other 
published approaches? 
Two independent routes were utilized for the fabrication of PCs with sub-100 nm 
resolution.  Spatial resolution is directly proportional to the size of the focal volume, 
which itself scales with excitation wavelength; thus reducing the excitation wavelength 
 5 
should result in improved resolution.  Chapter 4 describes how short wavelength 
excitation (520 nm) using a biphenyl-based two-photon initiator produced feature sizes 
down to 65 nm with PCs possessing visible stopbands.  While this approach is feasible 
even with commonly used Ti:Sapphire lasers, excitation power constraints coupled with 
the lack of efficient two-photon initiators in this spectral region may hinder its 
practicality.  Consequently, an alternative method was adopted where the fabrication 
medium was modified while the traditional instrumentation and fabrication process was 
preserved.  Chapter 5 reports on the use of chemically-induced mechanical swelling of 
photoresists to reduce the fraction of crosslinkable groups available in the excitation 
volume which gave rise to feature sizes down to 85 nm after development.  Stopbands 
with peak reflectivities of over 60% were achieved with central wavelengths 
continuously tunable between 1 and 2 µm. 
The second objective was to impart novel functionalities to the polymeric PCs 
through surface modification and subsequent deposition of metal and metal oxide.  The 
questions to be address were: 
1. Are the coating morphologies and optical characteristics found for flat 
surfaces the same as for the surfaces of the PCs? 
2. Can a uniform coating of metal or metal oxide be applied conformally onto 
microporous PCs with stopbands in the telecommunications spectral region?  
Can this conformal coating be effectively delivered to the interior of PC? 
3. What is the relationship between coating morphology and the resultant optical 
properties?  Can the morphology be tailored for specific applications? 
In order to generate the number of PC structures necessary to test and optimize 
the wet chemical processing conditions, a high speed instrumentation system was 
designed and algorithms were developed to enable the rapid fabrication of PCs.  This 
automated system, described in Chapter 3, utilizes fabrication speeds of 10 mm/s 
(compared to typical speeds of ~100 µm/s) which permitted investigation of various 
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lattice parameters necessary for achieving desired photonic stopband positions.  
Furthermore, owing to structural distortions that subsequent solution processing can 
induce, modification of the PC lattice parameters was also necessary to achieve the 
optimal combination of mechanical stability and stopband intensity.  Once the proper 
lattice parameters were obtained, arrays of PCs were fabricated to facilitate 
characterization and optimization of processing conditions as well as for reproducibility.  
To increase the reflectivity and to tune the positions of the initial polymeric PC 
stopbands, silver and titania were chemically deposited onto the PCs.  Chemical 
modification of the non-crosslinked acrylates on the polymer surfaces with amines 
provided the ability to preferentially deposit materials onto the PCs only.  Chapter 6 
reports on the formation of silver coated PCs via electroless deposition.  Different coating 
morphologies resulted in different optical properties:  enhanced stopband reflectivities 
were observed in sparsely coated PCs whereas broadband reflectivity enhancement was 
observed, along with the presence of plasmonic band edges, when the coating was thick 
and continuous.  Tuning the effective refractive index of the polymer PCs by titania 
deposition is described in Chapter 7.  The coatings resulted in a thickness-dependent red-
shifting of the stopband positions.  Following optimization of the ratio of polymer to 
titania material thickness, titania shell structures were able to be produced after high 
temperature sintering with only minor cracking. 
Diatoms are naturally occurring algae which possess periodic arrangements of 
holes in the nanometer to micrometer scale, resulting in two-dimensional PC slabs that 
provide good templates for surface modification.  Consequently, the metallization of 
diatoms with gold coatings was pursued and is described in Chapter 8 along with their 
resulting extraordinary optical transmission properties.  Effectively, the periodicity in the 
diatom hole arrangement led to interference of surface plasmons for incident excitation 
wavelengths resulting in enhanced transmission of selected wavelengths.    Analyses 
 7 
aimed at understanding these surface plasmon-mediated transmission changes are also 
presented in Chapter 8.   
While most two-photon initiators used for MPL in the literature have been mainly 
attributed to initiation following intersystem crossing from the lowest excited singlet state 
to the triplet state [52], the multiphoton initiator used in this dissertation work, E,E-1,4-
bis[4-(di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB), and other two-photon 
absorbing chromophores with the same structural motifs have been found to efficiently 
initiate radical crosslinking via electron transfer [25].  The unique characteristics of 
DABSB are its high fluorescence quantum yield [53] which is suggestive of a low triplet 
yield, its cubic irradiance dependence on the fabrication of features via MPL [54], and its 
inability to efficiently induce polymerization under UV illumination which could be 
indicative of initiation from an upper level excited state.  Femtosecond transient 
absorption experiments (detailed in the Appendix) were performed on solutions of 
DABSB with and without additives in attempt to elucidate the initiation mechanism.  
While many interesting phenomena were observed, the population of photogenerated 
cations proved to be too small to provide any definitive support for a particular 
mechanism using this technique.   
A summary of the findings and the conclusions drawn from these investigations 
are reported in Chapter 9.  Ongoing investigations and potential future extensions of this 
work are included in the discussion. 
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2.1   Photonic Crystals 
2.1.1  Review of Photonic Crystals 
Photonic crystals (PCs) are a class of optical materials that provides a means to 
manipulate the propagation of light [1-3].  A periodic modulation to the refractive index 
in the PC creates constructive and destructive interferences along the path which light 
travels through.  This interference is wavelength dependent and is based on the change in 
refractive index and the lattice constants.  At a fixed refractive index modulation, the 
length scale of the lattice constant dictates which wavelengths are reflected while others 
are transmitted.  This unique characteristic of PCs is analogous to the electronic bandgap 
observed in semiconductor crystals, and in analogy to electrical circuits, have led to 
significant interests in developing photonic circuits to manipulate light [4, 5]. 
 
   
(a) (b) (c) 
Figure 2.1.  Schematic of 1D (a), 2D (b), 3D (c) PC with red and blue volumes 
representing different refractive indices and green arrow representing light propagation. 
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The simplest form of PCs is a multilayered film, where layers of alternating 
refractive indices are stacked together, forming a one-dimensional PC (1DPC, 
Figure2.1(a)).  This type of PC was investigated as early as 1887 by Lord Rayleigh [6].  
These multilayer stacks are typically fabricated by vapor deposition or adhesion of 
alternating materials.  The wavelengths on the order of the periodicity creates coherent 
scattering, giving rise to photonic bandgaps, where no propagation is allowed.  The 
choice of materials and layer thicknesses can be engineered to form one-dimensional 
stopbands, where specific wavelengths are reflected, for example ultra-high reflectivity 
Ti:sapphire laser mirrors, hot and cold mirrors, or dielectric beamsplitters. 
 





For wavelengths outside photonic bandgap: 
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Figure 2.2.  Bragg reflection picture of interaction between incident light and a 1DPC 
where wavelengths within the photonic stopband are reflected while others can be 
transmitted [7].   
 
 
Figure 2.2 demonstrates the propagation of light in a 1DPC.  For wavelengths 
within the photonic bandgap, the back reflection from the index boundaries are in phase, 
preventing the forward propagation of light.  Reflections of wavelengths outside the 
photonic bandgap are not in phase and cancels out one another, thus the transmission of 
incident wavelength is maximal.  Expansion of the dimensionality to 2DPC and 3DPC 
provides control of the light propagation in 2 and 3 dimensions, respectively. 
Two-dimensional PC (2DPC) possesses refractive index change in two directions 
along the light propagating direction which provides an additional control to the flow of 
light.  (Figure 2.1(b))  A widely investigated class of 2DPCs is silicon PC slabs where air 
holes, typically hexagonal or square lattices, are etched in a thin silicon slab to form a 
photonic chip.  Whereas a perfectly arranged 2D hole array behaves like a mirror and 
reflects light of certain wavelengths in-plane of the slab, out-of-plane loss is controlled by 
total internal reflection.  Introduction of line or spot defects within a perfect crystal 
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provides a way to manipulate the propagation direction of incident light in the form of 
waveguides [8] or laser cavities [5, 9].  More advanced designs with the modification of 
hole sizes [10] and arrangements have led to the development of  various signal 
processing devices, such Mach-Zehnder interferometers and wavelength selective 
transmission filters [11, 12].  Another type of 2DPCs is PC fibers [13], where light is 
trapped within the fiber based on the photonic bandgap surrounding the core of the fiber 
as supposed to total internal reflection found in conventional step index fibers.  This 
modified design significantly broadens the range of materials available and improved 
performance due to the higher effective refractive index contrast between the core and 
cladding [14].  
Increasing the refractive index periodicity in another dimension, to form three 
dimensional PC (3DPC), affords the control of light in all three dimensions. (Figure 
2.1(c))  With this additional control, more complex designs can be accomplished, for 
example a 3D laser cavity can eliminate the out-of-plane losses and improve lasing 
performance [15], and the superprism effect where the wavelength dependent angle of 
refraction can be engineered to spatially separate different wavelengths into different 
channels [16].  The first 3DPC with complete photonic bandgap, where propagation of 
light is inhibited in all directions, was created by Yablonovitch et al. by drilling a 
triangular array of cylindrical holes into a dielectric slab [17], operated in the microwave 
range.   
Particle self assembly is another method utilized to form a 3D lattice of cubic 
close packed microspheres, termed opals, by slow solvent evaporation [18].  Inverse 
opals are formed by subsequent infiltration of high index material and the removal of the 
original template [19].  Layer-by-layer technique, where repeated cycles of 2D 
patterning, etching, deposition and polishing, has been used to form silicon [20] and 
tungsten woodpile PCs [21].  The woodpile design was first introduced by Ho et al. in 
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1994 [22] as a modified diamond lattice that can be readily produced by this layer-by-
layer method while retaining the possibility for complete photonic bandgap as the 






Figure 2.3.  Computed band diagram showing the frequencies of allowed propagation as 
a function of angles in reciprocal space of a woodpile PC lattice.  Both plots simulated 
the same physical design with the difference in refractive index, at n = 3.0 a complete 
bandgap is observed (a), whereas n = 1.5 only a stopband along Г-Х direction (along the 
woodpile stacking direction) is present (b).  (RSoft, BandSOLVE) 
 
Whereas photonic bandgaps inhibit light propagation in all directions, PCs that 
exhibit directional stopbands (Figure 2.3(b)) can be achieved in a much wider range of 
materials and designs due to the reduced restrictions in the refractive index contrast.  
These photonic stopbands can be utilized in a broad range of applications, for example:  
1) superprism effects where the dispersion of the angle of refraction can be used to 
spatially separate wavelengths for signal processing [23, 24], 2) sensing applications 
where attachment of analytes alter the local refractive index resulting in a shift of the 
band position, 3) superpositioning of stopband spectra to modify the intensity distribution 
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of an emission spectrum [25], reduction of lasing thresholds [26], and fluorescence 
enhancement through the elimination of forward optical loss [27].   
While several synthetic PCs have been discussed, there are numerous examples of 
PCs that occur naturally.  The variety of intricate designs not only offer low cost PC 
templates for materials engineering but also provide inspiration for synthetic PCs.  PCs 
found in nature include opals [18] and a wide range of biologically produced photonic 
structures [28-30], ranging from beetle scales [31, 32], butterfly wings [33], to peacock 
feathers [34].  More recently, there has been much interest in diatoms, a type of single-
celled algae encapsulated in silica cell walls, due to the presence of periodic 
arrangements of nano- to micro-scaled pores.  A diverse range of shapes, sizes and 
surface morphologies can be found in different species, specifically centric diatoms 
contain 2D nanopore arrangements [35] similar to 2DPCs that exhibit wavelength 
selective transmission [36] and laser focusing [37, 38]. 
 
2.1.2  Photonic Crystal Fabrication Techniques 
A wide range of fabrication techniques have been developed to achieve PCs in the 
infrared and visible wavelengths.  This section is focused on the fabrication technique 
employed in the fabrication of 3DPCs.   
The layer-by-layer lithography technique was adopted from the 2D patterning 
methods used in semiconductor fabrications.  To form 3D structures, each layer is 
produced by photopatterning, wet or dry etching, vapor deposition of the desired 
material, followed by chemical mechanical polishing, a new resist layer is then deposited 
on top for the second layer pattern.  The registration of this subsequent layer to the 
underlying one is crucial in forming a uniform PC.  This process is repeated for each 
additional layer.  This technique was used by Lin et al. to form a five-layered silicon 
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woodpile PC with an inplane line spacings of 5 µm and a corresponding stopband at 12 
µm was observed [20].  This technique is complex, labor intensive, time-consuming and 
expensive to perform, limiting the ability to rapidly investigate different designs and 
incorporation of defects. 
Self assembly of spherical particles is an inexpensive means to create large area 
3DPCs.  Opals films are typically fabricated by slow evaporation of the solvent in a 
micro-nanosphere suspension onto a vertically submerged substrate [39].  This slow 
drying allows for formation of nearly perfect closely packed lattice.  The microspheres 
used in the formation of opals are typically polystyrene [40] or silica [41].  The refractive 
contrasts between those materials and air (0.59 and 0.45 respectively) are insufficient to 
form complete bandgaps.  Infiltration with silicon by low-pressure chemical vapor 
deposition generated complete bandgap at 1.3 µm [42].  While this technique allows for 
large area coverage, the self assembly method often results in dislocations, grain 
boundaries and missing spheres.  The incorporation of defects using this technique is also 
difficult, severely limiting their application. 
Holographic photolithography is a facile method to generate 3DPCs in a single 
step exposure.  A 3D holographic interference pattern is created either by multiple 
interfering laser beams overlapped in the sample from different angles [43] or by the use 
of a phase-mask with one beam [44].  By superimposing the holographic pattern with a 
photoresist and controlling the exposure dose, the intensity pattern can be recorded into a 
3D volumetric after solvent development.  While the exposure procedure for a periodic 
array is simple using this method, alteration to the lattice parameter requires additional 
calculation and optimization to the setup configuration.  Moreover, this technique is not 
amendable to generate arbitrary features like waveguides or defects, necessitating a 
second fabrication process with an alternative technique like two- or multi-photon 
lithography (MPL).  While the principle of this combination technique has been 
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demonstrated, proper alignment of MPL fabricated defects to the lattice direction of the 
interference lithographically generated PC still proofs to be challenging [45-47].   
Two- or multi-photon lithography is based on the principle of two-photon 
absorption (TPA), which was theoretically predicted by Göppert-Mayer in 1931 [48]. 
However due to the high photon intensities required, it was not experimentally 
demonstrated until after the advent of lasers [49].  For two-photon absorption to occur, 
two photons must be absorbed simultaneously to promote the molecule from the ground 
to excited state.  Due to this nonlinear relation between laser intensity and probability of 
the absorption, photoexcitation can be confined in the focal volume of a focused laser 
beam.  This 3D confinement was first utilized for fluorescence microscopy by Denk et al. 
in 1990, where two photon excitation was used to achieve z-sectioning through a 3D 
sample [50].  This process has also been applied to induce photochemistry in 
photoresists, for example radical initiation [51] and acid generation [52].  The unique 
ability to generate arbitrary 3D patterns has led to much interest in MPL fabrication of 
3DPCs.  In the next section, the principle of MPL including the fundamental of two 
photon absorption, the 3D confinement and the resolution of MPL, as well as the two-
photon initiated polymerization will be introduced. 
 
2.2  Multiphoton Lithography 
MPL is typically performed using crosslinkable monomers in a liquid cell or a 
solid photoresist containing a two-photon absorbing photoinitiator.  The excitation laser 
is focused tightly into the photoresist by a microscope objective.  The photocrosslinking 
reaction is initiated by the laser within the focal volume which renders the exposed 
volume insoluble during solvent development.  Typical photoinitiators have been 
 21 
borrowed from the well established UV lithography, although several initiators with 
higher two-photon absorption cross sections have recently been developed to improve 
initiation efficiencies [51, 53-56].  The two-photon photoinitiator used in this work, E,E-
1,4-bis[4-(di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB), has been 
demonstrated to be an efficient radical initiator with high two-photon absorption cross 
section at 730 nm [53], a more detailed description is provided in the following chapter. 
2.2.1.  Multiphoton Absorption 
 Multiphoton absorption is a nonlinear process involving the absorption of two or 
more photons simultaneously to excite the molecule from the ground to an excited state, 
whereas linear or one-photon excitation is accomplished by the absorption of one photon.   
 
Figure 2.4.  Energy diagram of one- and two-photon absorption process. 
 
 
 For centrosymmetric molecules like DABSB, the two-photon transition will only 
occur between states with same parity, like g→g and u→u.   As illustrated in Figure 2.4, 
the two-photon transition between S0 and S2 is allowed while the transition between S0 
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and S1 is only one-photon allowed.  The process of TPA can be visualized as one photon 
is excited to a virtual state (the dot line in Figure 2.4) followed by the absorption of 
another photon within the very short lifetime of the virtual state (within several 
femtoseconds).   Each of the two photons does not possess enough energy to excite the 
molecule individually.  After excitation, the molecule relaxes quickly from the S2 state to 
the lowest excited S1 state by internal conversion followed by fluorescence emission or 
by nonradiative decay.  In addition, energy or electron transfer to another molecule can 
also occur. 
The TPA response depends on the size of TPA cross section (δ) of a material and 









S δ=  
where N is the population density of S0 and S2 state.  The units of δ are m4·s·photon-1.  
As shown in the equation above, the unique quadratic or higher-order intensity 
dependence of two- or multi-photon excitation provides for confined excitation along the 
axial direction under focusing conditions. The photograph of fluorescence generated via 
two- (TPA) and one-photon (OPA) excitation in a cuvette and the drawing in Figure 2.5 
demonstrates such confinement.  Under one-photon conditions (for example in the UV), 
the probability of exciting a molecule is the same throughout the laser’s path.  However, 
under multi-photon conditions (for example using the IR photons), since each photon 
possesses less energy, the probability for excitation outside the focus is negligible and the 
transition only occurs at the focus where the irradiance is the highest.  This confinement 
effect is resultant from the nonlinear relationship between the laser intensity and the rate 
of excitation shown above.  As the light intensity decreases proportionally with the 
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squared beam radius away from the focal plane (I ∝ z-2), the combination results in a 
forth power reduction of excitation rate as a function of distance from the focal plane.   
 
 
Figure 2.5.  Photograph of fluorescence generated by two- and one- photon excitation, 
demonstrating the difference between the excitation probabilities.  (Image courtesy of Dr 
Wim Wenseleers.) 
 
 Two physical effects resulting from the localized excitation favors the use of 
multiphoton for 3D fabrication.  One is the improved penetration into the sample, where 
one-photon absorption in the out-of-focus region would decrease the number of photons 
reaching the focal plane, the other is the ability to confine excitation within a focal 
volume.  These properties lead to the ability to form any arbitrary 3D microstructures 




2.2.2  Resolution of Multiphoton Excitation 
 The 3D confined excitation volume significanly limits the resolution of MPL. For 
multiphoton microscopy and microfabrication, the excitation laser is typically focused by 
a microscope objective to achieve the a small focus spot.  When a laser beam with a flat 
top profile is brought into a focus, the intensity profile at the focus is the fourier 
transform of the beam intensity distribution, and is described by the point spread 
function.  The plot profile is called an airy pattern and is plotted in Figure 2.6. 
 
Figure 2.6.  Intensity profile plot at the focus of a flat-top laser beam. 
 
 
The lateral intensity distribution in the focal (xy) plane is defined by: 











where J1(v) is the Bessel function of the first kind and r is the radius from the central 
axis, λ is the wavelength, and NA is the numerical aperture of the focusing objective.  
The axial intensity distribution along the propagation direction is defined by: 










The linear intensity distribution along with its squared and cubed profiles are plotted 
below in Figure 2.7 to demonstrate the improved resolution due to the multiphoton 




Figure 2.7.  Intensity profiles for one-, two- and three-photon excitation in the lateral 
(top) and axial (bottom) directions. 
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The lateral (xy) and axial (z) resolutions computed using typical experimental 
parameters, NA = 1.40, λ = 730 nm and n = 1.5 are 123.5 and 285.6 nm, respectively, 
giving rise to an excitation volume of 1:2.3 aspect ratio.   
 
2.2.3  Multiphoton Initiated Polymerization 
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The radical polymerization used in this work is based on the crosslinking of 
acrylate monomers.  A schematic of the chemical reaction process initiated by two-
photon absorption is shown in Figure 2.8.  The initiation step involved two-photon 
excitation of the initiator (I), followed by the generation of free radicals (R∙) and reaction 
with monomers (M).  The polymerization propagates as additional monomer subunits are 
attached to the chained radicals, and the process is terminated when radicals react with 
each other or with an inhibitor. 
 
Initiation I + 2 hν → 2 R∙ 
R∙ + M → R – M∙ 
I : Initiator 
R∙ : Radical 
Propagation R – Mn∙ + M → R – Mn+1∙ M : Monomer 
Termination 2 R∙ – Mn → R – M2n – R   
Figure 2.8.  Photochemical reaction for two-photon radical polymerization [58]. 
 
  
The ability to generate individual features stems from the solubility contrast 
between the highly crosslinked exposed volumes with high molecular weight and the 
unexposed monomers during solvent development.  When laser excitation is focused into 
a photosensitive resin, the excitation volume described in the previous section is 
translated into a voxel, volume pixel, by photo-crosslinking.  A voxel is the basic 
building block for any 3D micofabricated structures.  The voxel has an ellipsoidal shape 
as the excitation profile is longer along the axial than the radial direction.  The size of the 
voxel is controlled by the dose, a combination of exposure power and dwell time. 
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Figure 2.9.  Cross sections of the intensity profiles at the focal point and their relation to 
the polymerized voxel lateral resolution [59]. 
 
 
 The minimum voxel size is determined by the polymerization threshold, as 
depicted in Figure 2.9.  Sufficient power must be delivered to the focal volume in order to 
crosslink a sufficient number of monomers together to render the feature insoluble during 
the development process.  Above this crosslinking threshold, voxels of varying sizes 
could be formed, where the intensity profile above threshold defines the voxel size, until 
the damage threshold is reached.  At the damage threshold, thermal effects significantly 
increase the rate of polymerization, causing bubbles to form in the resin and features 
unusable.  Aspect ratio of voxels generated in by MPL are typically larger than the 
calculated value in the previous section due to radical diffusion [60] and possible self-
focusing effect caused by the change in refractive index upon polymerization [61]. 
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This photoinitiation process has received significant interest in 3D 
photolithography where the spatially localized reaction is used to for structures with 
nano- to micro- scaled features.  3D exposure patterns in a photoresist can be achieved 
either by a scanning laser beam or by translation of the sample with respect to a fixed 
focal position.  Due to the high intensities needed for two-photon absorption to occur, 
femtosecond pulsed lasers are typically employed where the combination of high peak 
powers and high repetition rate are favorable for efficient photoinitiation.  Early 
microstructures demonstrated by Cumpston et al. in 1999 included PCs, tapered 
waveguides and cantilevers [51].  Kawata et al. further demonstrate the flexibility of this 
technique with complex microbull statues [62].  The resolutions achievable and the 
flexibility in the exposure designs make this the ideal tool for PC fabrication. 
 
2.3  History and Recent Progress on MPL Fabrication of Photonic Crystals 
One of the earliest demonstration of MPL fabricated 3DPCs with optical 
characterization was by Sun et al. [63], line widths of 600 nm were generated in an 
acrylate resin and a photonic stopband of intensity of ~25% was observed at 3.9 µm.  
50% stopbands were observed by Straub et al. at 2.0 and 2.2 µm from 200 nm line widths 
[64].  Deubel et al. used SU-8, a multifunctional epoxy monomer, to fabricate 180 nm 
feature sizes and forming PCs that exhibit 72% stopbands between 1.3 and 1.7 µm [65].  
300 nm line widths were obtained by Wu et al. in SR348, a widely available difunctional 
acrylate resin, resulted in a baseline-corrected (for scattering loss) 39% stopband at 2.1 
µm [66].   
Although it MPL fabricated PCs typically do not possess complete photonic 
bandgaps, their stopbands can be utilized in a broad range of applications, for example 1) 
superprism effects where the wavelength dependent property of the angle of refraction 
can be used to spatially separate wavelengths for signal processing [23, 24], 2) sensing 
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applications where attachment of analytes alter the local refractive index resulting in a 
shift of the band position, 3) superpositioning of emission and stopband spectra to modify 
of the intensity distribution of emission spectrum [25], reduce lasing threshold [26], and 
fluorescence enhancement by eliminating forward optical loss [27].   
Several challenges remain in the widespread use of MPL in the fabrication of 
PCs, namely the resolution of the fabricated features and the refractive index of the 
resultant structures.   
 
2.3.1  Resolution of MPL Fabricated Features 
While PCs with photonic stopbands in the infrared region have been widely 
studied, as discussed in the previous section, diffraction limits the fundamental excitation 
volume and the produced voxel.  Typical voxels have an aspect ratio ranging from width 
to height of ~ 1:2.5-4.5 due to the focusing geometry.  This limitation hinders the layer 
spacings achievable in the fabrication of PCs and the operating range of stopbands has 
generally been limited to the infrared.  In order to push the photonic stopbands into 
visible wavelengths, several methods from engineering of the materials to 
instrumentation have been employed.   
Typical MPL instrumentation utilize laser excitation in the range of 700-800 nm 
and the finest line features between 180 [65] and 200 nm [53] for free-standing PCs had 
been reported.  Several methods had been proposed to generate finer features using 
specialized support-structure designs such as post-exposure bake induced acid diffusion 
inside nanoscale channels [67], the use of additional radical quenchers to fabricate 
features directly on the substrate [68], or stretching of polymerized rods spanning 
shrinking supports [69].   These attempts have achieved finer resolution down to 30 nm 
but cannot be used for building free-form structures. 
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Post fabrication processings was another route utilized to obtain reduced feature 
sizes.  Plasma etching of PCs [70] resulted in reduced line widths at the top layers of the 
structures, however the process did not effectively remove polymer at the interior of the 
structures, leading to inhomogeneous feature sizes from the top down.  Condensation 
removal of alkoxy groups in PCs fabricated from a sol-gel matrix during baking resulted 
in a 35% reduction of line widths to 160 nm [71].  However this process creates 
significant structural shrinkage (18%) and the design for relieving this stress, offsetting 
the structures from the substrate by posts, resulted in warping and displacement from 
designated locations. 
Recent developments in MPL had been inspired by stimulated-emission-depletion 
microscopy pioneered by Hell, theoretically in 1994 [72] and experimentally in 1999 
[73].  The improvement in resolution is achieved by spatially overlapping a secondary 
deactivation laser beam to depopulate part of the multiphoton excited focal volume [74].  
This process has recently (2011) been demonstrated to produce feature sizes down to 
~130 nm laterally and ~180 nm axially in PCs and stopbands throughout the visible range 
was achieved [75].  This process however is limited to initiators with an excited state that 
could efficiently undergo stimulated emission as supposed to other absorption processes.  
Furthermore, the complex instrumental configuration limits the applicability of this 
technique. 
 
2.3.2  Functionalization of Polymeric PCs 
 The intensity of the photonic stopbands is dependent on the refractive index 
contrast experienced in the PC, typical polymerizable material possess moderate 
refractive indices (1.5 to 1.6) which results in limited applications [53, 58, 64, 65].  
Chemical modification and deposition of metals or semiconductors onto the polymeric 
 32 
PCs provides a way to manipulate the dielectric contrast to enhance stopband 
performances and broaden the range of applications [76-81].   
Metallic photonic crystals (MPCs) have been of much interest in their 
electromagnetic and high temperature properties for applications including enhanced 
metal absorption [82] and thermal emission suppression [83].  Several groups have 
investigated wet chemical approaches and polymer chemistries to impart selectivity.  
Farrer et al has demonstrated selective gold and copper coatings on various 
microstructures (chains and coils) based on the preferential reaction with acrylates over 
methacrylates [84].  Formanek et al has demonstrated deposition of silver on 
microstructures containing styrenes [85].  Kuebler et al has demonstrated silver plating 
via amine modification of the polymer surface to achieve silver mirrors [86] and PCs 
[87].  MPCs and the resultant modification to the optical characteristics were explored in 
copper [79] and nickel [78] from SU-8 polymer templates, where plasmonic bandedges 
were observed at ~ 3.5 µm accompanied by broadband infrared reflectance enhancements 
at wavelengths above this bandedge.   
Another major focus of the research of MPL fabricated PCs is to achieve a 
complete photonic bandgap, calculations revealed a refractive index of ~ 2.5-2.7 is 
necessary for complete bandgap with woodpile type PCs [88, 89].  However, a majority 
of the published works have been based on acrylates or epoxys as the starting materials 
give the relatively low refractive index (~ 1.5 – 1.6), preventing the observation of 
complete bandgaps.  One approach that have been widely explored in the fabrication of 
inverse opal PCs was infiltration of the low index templates with high index metal oxides 
or semiconductors, for example titania (TiO2, n = 2.2-2.7) by atomic layer deposition 
(ALD) [90], selenium (n = 2.5) by melt processing at 275ºC [91], cadmium selenide (n = 
2.5) by electroplating [92], amorphous silicon (n = 3.5) by chemical vapor deposition 
(CVD) [42].  Most of these processes require high temperature processing conditions that 
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are not compatible with the thermal stability of polymers and none are selective to the 
structure only.  A few of these techniques have been adopted for polymer PCs fabricated, 
such as backfilling with liquid-phase titania [93], and surfacing coating with gas-phase 
titania ALD [94] or silicon CVD on silica inverted PC [95] techniques.  Although these 
processes were able to generate higher index structures, the alteration to the structure 
design, non selective blanket coverage, the complex and extensive processing hinders 
their applicability.  Buso et al. [76] have recently demonstrated structure selective, high 
index cadmium sulfide coating (n = 2.3) on low index PCs.  Although the refractive index 
and the quality of the coating was insufficient to produce a complete bandgap, a 17% 
enhancement of the original stopband intensity was observed, accompanied by red-
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MATERIALS AND METHODS 
3.1  Experimental Setup 
3.1.1  Optics and Mechanics 
 Multiphoton excitation source used for the majority of the work in this 
dissertation was a femtosecond Ti:Sapphire laser (80 MHz 15 W Millennia-pumped 
Tsunami, Spectra Physics) operating at 730 nm  (~ 5-10 nm spectral width/FWHM, 100-
120 fs pulse width).  The exposure power was varied using a waveplate-polarizer pair, 
where the half-waveplate was mounted in a computer-controlled rotation stage (PR50-PP, 
Newport Corporation) and the transmitted power was measured by a power meter 
(Display 1835-C, Head, Newport Corporation).  High speed modulation of the laser was 
accomplished with an electro-optic modulator (Power Supply 275, Modulator 350-160, 
ConOptics) with 10 MHz bandwidth and an extinction ratio of ~ 450:1, connected to the 
controlling computer with an arbitrary waveform generator card (PCIe-6120, National 
Instruments).  The laser beam was expanded 20x (52-71-20X-730, Special Optics) to 
ensure uniform intensity distribution (< 10% variation) across the back aperture of the 
microscope objective (60x Oil-immersion, NA = 1.4, Nikon) which focused the 
excitation laser beam into the sample.  The sample was mounted on a computer-
controlled high speed three-axis translation stage, the X and Y stages (XM2000-160, 
Newport Corporation) with speeds up to 30 cm/s and 5 mm/s for the Z stage (VP-5Z, 
Newport Corporation).  The optical layout is shown in Figure 3.1. 
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BE: Beam Expander 
DC: Dichroic Mirror 
P: Polarizer 
BS: Beam Sampler 
EOM: Electro-Optic Modulator 





Figure 3.1.  Optical layout for MPL. 
 
 Two-photon excited fluorescence generated from the sample was collected and 
collimated using the same microscope objective.  Fluorescence signal was separated from 
the excitation beam using a dichoric mirror with band edge at 710 nm (91-96% 
transmission from 720 to 1100 nm and < 4% between 400 and 680 nm (710dcxr, Chroma 
Technology Corporation), the residual excitation wavelengths, scattering and ambient 
room light were blocked using a short-pass filter (550 nm, Thorlabs) prior to a fiber 
coupled photo-receiver (FemtoWatt, New Focus) with a gain of 1011 V/W.  Voltage 
readout was collected via a data acquisition card (6025E, National Instruments) to the 
controlling computer.   
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 All communications to and from the various instruments were managed via the 
instrument computer using a homebuilt LabView program (Version 8.2, National 
Instruments). 
 
3.1.2  Sample Translation 
 Each stage motion consists of an acceleration ramp-up, a constant velocity period 
and a deceleration ramp-down. Early work in our group and other reports in the literature 
utilize slow movements, typically between 50 and 300 micron/s for stepper motors and 
piezoelectric translators, where the ramp distances between zero and constant speed are 
negligible.  The motivation behind building this fabrication system was to increase the 
efficiencies in fabrication time and patterned area to promote the study of chemical 
modification of the fabricated structures.  Higher stage movement speeds translate to 
longer ramp distances before the constant speed is reached.  To ensure even dosage 
across the entire fabricated structure, ramp distances for a range of speeds were 
experimentally determined by monitoring the stage’s position at fixed time intervals 
along each stage movement: 
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Figure 3.2.  Ramp distance as a function of stage speed.   
 
The typical velocity used in the work presented in this thesis is 10 mm/s; the ramp 
distance for this speed had been experimentally determined to be ~ 1.2 mm.  The 
compensation of this ramp distance had been built into the software by pre-compensating 
the starting point, a fix distance opposite to the direction of movement and extending the 
ending point to the same distance.  A triggering function of the stage controller was used 
to generate a TTL pulse at the starting and ending position of the desired segment to 
communicate with an external shutter or modulator.   
 
3.1.3  Excitation Modulation 
 The modulation of the laser excitation was achieved using an electro-optic 
modulator.  Timing of the switching between the on/off states was synchronized to the 
TTL trigger pulse from the stage controller.  When a start pulse was received by the 
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arbitrary waveform generator (AWG), a step waveform loaded in the onboard memory 
was sent from the AWG to the amplifier, which in turn applied the voltage necessary to 
rotate the laser polarization through KD*P crystal to match the exiting polarizer.  The 
opposite waveform was used to reject the laser beam when the stop pulse was received.  
The stage movement profile, the associated triggering signals and laser modulation are 
shown in the Figure 3.3. 
 
Figure 3.3.  Schematic of exposure pattern in relation to stage movement. 
 
Since dosage is a function of exposure time, which is inversely related to the 
speed, failure to deflect the laser during the ramping sequences would result in over 
exposure or optical damage of the sample.  An extended version of this modulation was 
applied for creating segments in multiple structures in an array.  Introducing multiple 
on/off segments in a single stage movement reduces the number of ramping sequences, 
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which in turn improves the fabrication time per structure dramatically.  Details of this 
method are described in the next section. 
 Further optimization of the fabrication time can be accomplished through 
calibration of the temporal profile of the ramping sequences and creating a complex 
waveform and alter the transmitted power to achieve constant dosage throughout the 
entire stage motion.  The system can also be adapted for complex arbitrary structures by 
converting the exposure pattern into a series of waveforms that modulates the excitation 
laser as the stage raster in the xy plane. 
 
3.1.4  Power Adjustment 
 A combination of waveplate-polarizer was used to control the amount of laser 
light transmitted to the sample.  The birefringence of the half-waveplate induces change 
in the polarization, and the exiting polarization is controlled by rotating the fast axis of 
the waveplate with respect to the fixed laser polarization.  The overlap between the 
rotated polarization and the stationary polarizer on the exit side of the waveplate 
determines the transmitted power.  A beam splitter was used to pick off ~2% of the laser 
beam to monitor the power.  A schematic of this arrangement is shown in Figure 3.4. 
 
Figure 3.4.  Schematic of the set-up used for laser power tuning . 
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The waveplate was mounted on a computer-controlled rotation stage and the 
transmission was recorded as a function of degree of rotation (Figure 3.5).  This look-up 
table was then used by the software to perform on-the-fly power tuning during the 
experiment.   
 
Figure 3.5.  Calibration curve of transmitted power as a function of waveplate rotation. 
 
 Changes in the environment cause the laser output power to drift over time; this 
would lead to an undesired change in dosage for extended experiments.  A power search 
sequence was utilized to overcome this problem.  A starting rotation degree was first 
calculated from the look-up table, followed by measurement of powers at fixed offsets at 
greater and smaller angles, the next center angle used was calculated from the two points.  
The magnitude of the angular offset was sequentially reduced until the power was within 
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a set tolerance of 0.5-1.0%.  A representation of the tuning sequence is shown in Figure 
3.6 below. 
 
Figure 3.6.  Example of a power tuning sequence used to compensate for the drift in laser 
output power. 
 
 Usage of this algorithm allowed for continuous fabrication for up to 48 hours 
without any user intervention.   
 
3.1.5  Interface Determination 
 The range of conditions used in multiphoton initialized crosslinking typically 
affords voxel elements with a height of 500 to 1000 nm.  It is critical to determine the 
location of the interface between the substrate and the sample accurately to ensure proper 
anchoring of any structures onto the substrate.  Fluorescence of the two-photon 
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photoinitiator was used as a gauge of the location of the focal plane with respect to the 
stage position along the z-axis.  Fluorescence z-scans were performed using excitation 
below the crosslinking threshold (~0.5 mW) to avoid unwanted polymerization.  The 
sample was moved along the z direction while the laser focus was fixed as depicted in 
Figure 3.7.   
 
Figure 3.7.  Optical layout for fluorescence detection. 
 
The fluorescence signal recorded by the photoreceiver was plotted as a function of 
z-positions.  The resultant intensity profile was then used to locate the interfacial point.  
When the focus was located within the substrate, no fluorescence signal was detected.  A 
sharp increase in the detector voltage was observed as the focus began to overlap with the 
initiator-doped resin.  The detected voltage remained high while the focus was within the 
resin and began to drop as it migrates into the immersion oil.  A typical fluorescence 
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profile in Figure 3.8 represents a liquid sample cell, where the resin is sandwiched 
between a microscope slide (z > 1.990 mm) and a cover-slip (z < 1.915 mm).   
 
Figure 3.8.  Fluorescence profile and its derivative obtained by scanning through a 
photoresist coated on a glass substrate. 
 
Derivatives of the fluorescence profiles were taken to better illustrate the mid-
point between the focus located entirely within the substrate versus the resin.  The peak in 
the processed signal (z = 1.990 mm) was used to define the substrate-sample interface.  
Fluorescence z-scans were performed at each fabrication location to correct for tilting of 
the substrate over large areas (typically ~1 µm in z per 1 mm in xy). 
 
3.2  Experimental Procedure 
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 Laser system and all equipments were turned on and allowed to warm up and 
stabilize for one hour prior to experiment.  Laser emission was optimized to maximum 
power output at the desired wavelength of 730 nm and the bandwidth adjusted to 5.5 nm 
at FWHM.  Stability under these conditions was monitored for 30 minutes and re-
optimization was performed again if the output fluctuation was greater than 1%.  
Adjustments to routing mirrors through the preset apertures ensured proper alignment of 
the laser beam to the sample.  A gold mirror was mounted onto the stage and the back 
reflection of the laser beam was used to align the beam normal to the stage surface. 
 After the sample was mounted onto the translation stage, immersion oil was 
applied to the sample and brought into contact with the microscope objective.  Coarse 
positioning of the focus was achieved by visually monitoring the fluorescence intensity, 
through a short pass 550 nm filter, and translation of the objective into the resin. 
 From this point forward, all controls were performed on the computer by the 
LabView software code.  A power calibration scan was first performed to establish the 
waveplate position and the associated transmitted power.  The desired fabrication 
location was entered into the software and fluorescence z-scans were performed at each 
of these coordinates using exposure powers of 0.5 mW.  Interface information was then 
loaded into the built-in structure generators which served as origins for each fabricated 
structures.   
 To perform the work presented in this thesis, a photonic crystal structure 
generator was used.  The program processes lattice parameters, size and location of the 
photonic crystals and generates a set of ascii commands related to triggering and 
coordinates information.  These sets of commands were then sent to the stage controller 
leading to the fabrication of the described photonic crystals.  Experimental conditions 
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related to the lattice parameters, exposure powers and stabilities were logged into text 
files upon completion. 
 
3.3  MPL System Performance Characteristics 
 One main focus of this thesis is to develop, characterize and analyze various 
chemical methods of surface modification to engineer the PC stopband position and 
refractive index.  A broad range of processing conditions has to be examined, 
necessitating a large number of samples for comparisons.  Our group’s previous work and 
others in the literature utilize speeds in the range of 100 µm/s, which translates to 
approximately 15 minutes for the fabrication of a typical PC.  This limitation severely 
hinders the fabrication efficiencies and to improve the fabrication efficiency, the high 
speed capability of our MPL system was employed.   
3.3.1  Large-area High-speed Fabrication 
Initial fabrication of large area PCs at high speeds were attempted prior to the 
construction of a mechanically stable laser delivery gantry system, therefore the results 
were less than ideal.  However, the initial attempts provided valuable insights into the 
mechanical issues that have since been addressed.  A stage speed of 40 mm/s was used to 
fabricate the 1 × 1 cm2 PCs with 5 µm line spacing and 4 µm layer spacing in Figure 3.9.   
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Figure 3.9.  Photograph of the 1 × 1 cm2 PC (left) and under the microscope with a 40× 
objective. 
The modulation observed was due to uncontrolled collapse of different areas of 
the structure and possibly vibration-isolation issues with the fabrication setup.  Another 
feature found was the reflection and opacity seems to be at an angle, creating what seems 
to be a gradient from the -x, -y (upper right) corner to the +x, +y (lower left) corner.  This 
is most likely due to a tilting of the sample over these long distances (typical 1 µm/mm).  
Other than these artifacts, microscope transmission images (Figure 3.9) indicated a 
periodic structure was obtained. 
Our second attempt utilized 200 mm/s translation speeds to fabricate 2.5 × 2.5 
mm2 × 30 layered PC with 5 micron line spacing and 3 micron layer spacing in under two 
hours.  SEM images of this large area structure are shown in Figure 3.10.   
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Figure 3.10.  SEM images of a 2 mm x 2 mm photonic crystal structure fabricated with a 
scan speed of 20 cm/s.  Left: overview of structure; right: close up view. 
 
A support frame was fabricated to provide structural support, however the shrinkage 
induced stress have led to the delamination of the structure at the edges, as observed in 
the upper portion of Figure 3.10.  The central portion of the PC did show reasonable 
quality, however the lack of structural support resulted in distortion of the periodicity 
during development, preventing the observation of a stopband.   
 To assess the fabrication efficiency at high speeds, the time spent during the 
extended acceleration and deceleration distances has to be accounted for.  The velocity 
profiles of the stage were recorded for a range of translation speeds as a function of travel 
distance.  The efficiency was characterized by the duration at which the stage travels at 
the defined velocity divided by the time for the total travel.  The results are reported in 
percentages in Figure 3.11. 
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Figure 3.11.  Fabrication efficiency reported as the time at set velocity divided by the 
total travel time in percentage. 
 
Typical PCs used for the optimization of stopband reflectivity are of 100 to 200 µm in 
edge length.  For these short travel distances, fabrication speeds higher than 10 mm/s are 
inefficient due to the small portion of the actual fabrication time compared to the total 
travel time.    
 
3.3.2  Array Fabrication 
To take advantage of the high speed fabrication and the area achievable with this 
system, an alternative method was developed to circumvent the stress related distortion.  
The laser excitation was modulated during a long distance travel to fabricate multiple line 
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segments for an array of PCs.  The schematic of the excitation modulation in relation to 
the stage travel is shown in Figure 3.12. 
 
Figure 3.12. A new scheme developed illustrating the fabrication of three segments in a 
single translation of the stage. 
 
This modified method was used to fabricate 16 PCs in a 4 × 4 array with each stage 
translation creating line segments in 4 PCs.  Lattice parameters used to demonstrate this 
method were 4 microns line spacing and 1.5 micron layer spacing, 100 × 100 micron2 × 
16 layers at 10 mm/s.  Fabrication of this 4 × 4 array (16 structures total) was completed 
in 6.5 minutes while fabrication of each structure separately required 16 minutes.  This 
2.5× improvement of fabrication speed is expected to increase at higher speeds due to the 
longer acceleration times.  Example of infrared reflection spectra of PCs fabricated using 
this array method is shown in Figure 3.13 to demonstrate the reproducibility.   
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Figure 3.13.  Infrared reflection spectra of PCs generated using the array method. 
 
3.4  Material Systems 
3.4.1  Multiphoton Initiator 
 The photoinitiator used in this study was E,E-1,4-bis[4-(di-n-
butylamino)styryl]-2,5-dimethoxybenzene (DABSB), the chemical structure and its 
linear, two-photon absorption and fluorescence spectra are shown in Figure 3.14.  This 
molecule has been demonstrated to be an extremely effective two-photon absorbing 
radical photoinitiator [1, 2] with a maximum two-photon absorption cross-section of 900 





Figure 3.14. Molecular structure of the two-photon photoinitiator DABSB (top).  Linear 




3.4.2  Resin Systems 
Photosensitive resin systems used in this work is based on radical polymerization 
of multifunctional acrylate monomers.  A previously developed resist formulation is used 
[2], where a binder polymer was incorporated into mixtures of triacrylate monomers to 






absence of the binder has also been adopted for reduced shrinkage and rapid solvent 
development. 
The two-photon photoinitiator DABSB was doped into the resin systems at 0.1 
weight % to induce crosslinking reaction upon laser exposure.  Mixture of 
multifunctional acrylate monomers were used to formulate a liquid resin at room 
temperature.  One component of the multifunctional acrylate was an alkoxylated 
trifunctional acrylate ester (SR9008), a proprietary product from Sartomer that promotes 
adhesion to glass surfaces, and the other was tris(2-hydroxyethyl)isocyanurate triacrylate 
(SR368, Figure 3.15), a triazin compound for strength at 50:50% by weight.   
 
Figure 3.15.  Molecular structure of triacrylate monomer SR368. 
 
0.1 weight % of 4-methoxyphenol (Aldrich, 99%), a widely used inhibitor, was 
added to the above mentioned resin system to prevent thermal crosslinking as the blend 
phase-separates over several days of storage and reheating of the resin is required for 
further use.  The liquid resin was sandwiched between an adhesion promoter coated 
microscope slide substrate and a No. 0 cover slip (Electron Microscopy Sciences, Gold 
Seal), spaced by Teflon spacers (Aldrich) between 25 and 100 microns in thickness, to 
form a cell for MPL fabrication.  The adhesion promoter coated slides were prepared by 
treatment of acetone cleaned glass microscope slides with 10 vol% 3-
(trimethoxysilyl)propyl methacrylate (Aldrich, 98%) in ethanol (Aldrich, 200 proof, 
anhydrous, 99.5%) and baked on a hot plate at 130°C for three cycles.  The methacrylate 
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silane was chosen over the acrylate version to distinguish the surface functional groups of 
the crosslinked polymer from the substrate to achieve selectivity in subsequent chemical 
modifications.   
The same liquid mixture was formed into a gel-like semi-solid photoresist by the 
addition of poly(styrene-co-acrylonitrile) (PSAN, Polyscience, Inc., 75:25 
styrene:acrylonitrile).  The monomer mixture was dissolved in dioxane along with PSAN 
to form a final mixture of 35% SR9008, 35% SR368 and 30% PSAN.  The photoresists 
films were formed by blade casting the viscous dioxane solution to adhesion promoted 
glass substrates.  Thicknesses of the resulting photoresists were controlled by the resin 
concentration and the blade thickness.  A 1:1 volume ratio of casting solvent to solids 
was blade cast at twice the thickness to form photoresist of the desired thickness after 12 
hours of slow solvent evaporation and 5 hours of vacuum drying. 
 
3.4.3  Sample Development after MPL 
 At the end of the experiment, the photoresists or liquid cells were developed in 4-
methyl-2-pentanone (MIBK, Aldrich, 99%) to remove unexposed material while 
crosslinked structures remained insoluble.  Development was carried out in slide staining 
jars (60 mL MIBK) with stirring for 10 minutes in the case of the liquid cells and 15-30 
minutes for thicker photoresists.  The sample was exchanged into a new bath every 5 
minutes to reduce the concentration of unreacted material in the developer to eliminate 
residues on the substrate.  Finally, the sample was placed in a bath of hexane (for 2 
minutes) to remove trapped MIBK in microporous domains of the structures and promote 
fast drying under a gentle stream of nitrogen. 
 
3.5  Sample Characterization 
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3.5.1  Dosage Characterization 
 Dosing experiments were performed to establish the relationship between the 
exposure conditions and the sizes of the fabricated elements.  Two structural designs 
were used to perform this task. The simpler design was to fabricate cords that span across 
macro structures, the schematic and an example of the fabricated structure is shown in 




Figure 3.16.  Structural design and SEM image of test structures used for line width 
characterization. 
 
 In this design, rectangular blocks of macrostructures were fabricated at high dose 
first, with widths and heights of 20 µm, these blocks were then spaced apart to form 
channels where the cords will span.  The variation of the channel widths provides 
additional information on the mechanical strength for the given exposure parameters.  
This design allows for rapid testing of a wide range of exposure conditions once the 
support structures were fabricated.  One drawback of this design, however, is that it does 
not take into account the effect of shrinkage.  As the exposure condition approaches the 
crosslinking threshold, the combination of elasticity of the cords and mechanical strength 
of the supporting blocks causes the cords to stretch in the free-spanning gap.  This effect 
masks the physical ability to use these features as building blocks for free-standing 
structures. 
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 PCs are better suited to assess the exposure conditions for building free-standing 
structures.  The macroporous, low fill-fraction nature of this type of structure not only 
reveals the post-shrinkage cord dimensions but also their mechanical strength towards 
supporting additional mass.  Using fixed PC lattice parameters and fixed stage speed, the 
exposure power was varied and the resultant structures were imaged under SEM.  An 
example demonstrating the relationship between exposure power and cord widths is 
plotted in Figure 3.17.  
 
Figure 3.17.  Dose dependent study of line widths achieved under varying excitation 
powers. 
 
 The data above shows a non-linear relationship between the exposure power and cord 
widths as a result of the combined effect of the multiphoton absorption process and the 
threshold requirements for the polymerization process [4].  The highest resolution 
features obtained using these conditions was 223 ± 7 nm, which is in good agreement 
with other reports in the literature [5, 6].   
 65 
 Another advantage of the PC test platform is the relationship between the 
structural quality and the axial resolution, or the height, of the cords.  The axial 
confinement of multiphoton excitation is also a function of dose, rough estimates of this 
height can be obtained by varying the layer to layer spacing in the PC lattice at fixed 
exposure powers.  If the cord height was smaller than the layer to layer spacing, the cords 
would be washed away, and if the overlapping volumes between adjacent layers were not 
sufficient, the structure would collapse.  Both of these scenarios can be immediately 
observed under an optical microscope and the parameters can be adjusted accordingly.   
 
3.5.2  Fourier-transform Infrared Microscopic Characterization of PCs 
 Photonic stopbands generated by the PCs are related to the specific lattice 
parameters and feature sizes.  The spatial arrangement of the rods causes light within a 
narrow range of frequencies to reflect or refract stronger than the rest of the spectrum, 
resulting in unique reflection and transmission bands, commonly called a stopband, 
observable by spectroscopy.  The resolution afforded by fabrication using near-IR 
excitation dictated stopbands to exist in the near to mid infrared region.  A FTIR 
microscope was used to characterize these microstructures.   
 PCs fabricated were typically between 100 × 100 to 200 × 200 micron2.  The 
small size of these structures necessitated analysis under a microscope with apertures to 
ensure information acquired only pertains to the region of interest.  The FTIR 
spectrometer-microscope setup provided the capability to divert the infrared irradiation 
from the typical macro sample chamber into a microscope equipped with mirror optics to 
focus and collect infrared spectra from micro-scaled samples.  The schematic of the 
reflection and transmission measurement geometries are shown in Figure 3.18.  
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Figure 3.18.  Schematic of infrared measurements in transmission and reflection modes. 
 
15× Schwarzschild objectives were used in both reflection and transmission mode 
to focus and collect infrared light from the sample.  The double curved mirror design of 
these objectives creates a conical focusing geometry with an inner and outer angle of 14º 
(NA=0.24) and 30º (NA=0.5) respectively.  A ray diagram of this optic is shown in 
Figure 3.19. 
 
Figure 3.19.  Ray diagram of Schwarzschild objective used for FTIR measurements. 
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The sample was brought to focus by translation of the sample stage and 
observation through the microscope binoculars.  In the reflection mode, since the 
focusing and collection were performed by the same objective, no additional alignment 
was necessary, however in the case of transmission, the condenser was adjusted for 
maximum detector signal intensity.  The apertures were then reduced to 80% of the 
structure’s edge lengths and remained fixed once the background spectrum was acquired.  
In reflection mode, a gold mirror was used as the reference, while the sample substrate 
was used for transmission reference.  Two sets of sources and optics span the spectral 
range between 1 and 14.5 microns, a tungsten lamp with quartz beam splitter for the near-
IR range (1 – 3.5 µm) and a high temperature ceramic emitter with KBr beam splitter for 
the mid-IR range (1.6 – 14.5 µm).  A liquid nitrogen cooled mercury cadmium telluride 
detector was used to collect the spectra.  Averages of 16 scans were used for the 
collection of spectra.  Examples of PC stopband spectra collected are shown in Figure 
3.20. 
 
Figure 3.20.  Infrared reflection spectra collected from PCs. 
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ABSTRACT 
 Nanoscale features as small as 65 ± 5 nm have been formed reproducibly by using 520 
nm femtosecond pulsed excitation of a 4,4'-bis(di-n-butylamino)biphenyl chromophore to 
initiate crosslinking in a triacrylate blend.  Dosimetry studies of the photoinduced 
polymerization were performed on chromophores with sizable two-photon absorption 
cross-sections at 520 and 730 nm.  These studies show that sub-diffraction limited line 
widths are obtained in both cases with the lines written at 520 nm being smaller.  Three-
dimensional multiphoton lithography at 520 nm has been used to fabricate polymeric 






 Since the 2007 publication of the manuscript that comprises the following 
chapter, there have been several reports of resolution improvement using a spatially 
deactivating photochemical or photophysical process.  Andrew et al. have reported the 
fabrication of 36 nm features by using two different wavelengths of light to spatially 
control photoactivation and deactivation of an organic photochromic layer to create a 
switchable mask [1].  This process utilizes a high intensity deactivating optical beam to 
create an opaque grating pattern with intensity-dependent transparent slit widths for 
photoexcitation; however this switching is inherently limited to 2D patterning and 
nanometer sample thicknesses due to the evanescent nature of the transmitted intensity.  
Another approach used by Scott et al. was independent photoactivation of initiators and 
inhibitors [2].  Inhibitors were activated using a doughnut shaped focal volume to 
produce mono-functional molecules which terminated the propagation of polymerization.  
This photoinhibition process, however, is non-reversible, thereby precluding the 
possibility of forming continuous features once the inhibiting species have been formed.   
The Stimulated-Emission-Depletion (STED) approach pioneered by Hell for 
microscopy, predicted theoretically in 1994 [3] and demonstrated experimentally in 1999 
[4], has been adopted by Li et al. to control the excited state population of the 
photoinitiator [5].  The improvement in resolution is achieved by spatially overlapping a 
secondary deactivation laser beam to depopulate a portion of the multiphoton excited 
focal volume, preventing the initiation of polymerization.  This process has recently been 
demonstrated to produce feature sizes in PCs down to ~130 nm in the lateral dimension 
and ~180 nm in the axial dimension which allowed for production of stopbands in the 
visible spectral range [6].  However, this process is limited to initiators with excited states 
that can efficiently undergo stimulated emission as supposed to other absorption 
processes, for example excited state absorption or triplet state absorption.  Furthermore, 
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the complex instrumental configuration which includes custom phase masks to create the 
modified point spread function as well as a secondary deactivation laser, limits the 
applicability of this technique. 
This following chapter describes improved resolution using a simple, single beam 
excitation geometry found in typical MPL experimental setups.  The resolution 
improvement results from efficient radical generation using a two-photon absorbing 
initiator excited with short wavelength excitation (520 nm).  Additionally, the chemistry 
within the photoresist remains the same as for typical excitation conditions, where the 
volume surrounding the exposed region remains unaffected and uniform features can be 
generated in a continuous manner to form 3D structures.  While the STED based 
approach affords improved axial resolution, the improvement in the lateral direction 
remains 2× larger than the 65 nm achieved from this short wavelength excitation 
approach. 
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4.1  Introduction 
Laser-excited two-photon or multiphoton photochemistry allows for the 
patterning of materials with true three-dimensional (3D) spatial resolution and provides a 
method for the direct laser writing of arbitrary three-dimensional structures.  3D 
multiphoton lithography (MPL) has matured significantly as a 3D fabrication technology 
since its inception. Significant progress has been made in the development of photoactive 
materials systems for MPL, including negative [1] and positive [2] tone polymer systems, 
inorganic-organic hybrid materials [3], and metal nanocomposites [4], which provide 
means for 3D fabrication in a variety of material types.  The development of 
chromophores with large two-photon absorption (2PA) cross-sections [5] and sizable 
quantum yields for generation of reactive species has resulted in efficient materials, 
which can be patterned with low-power femtosecond lasers [6].  3D microstructures and 
devices fabricated using MPL include photonic crystals [7], mechanical structures with 
moveable [8] or interlocking parts [6], microchannel and microfluidic devices [2], and 
biocompatible templates [9].   
There is considerable interest in the potential for the fabrication of 3D structures 
with nanoscale resolution using MPL.  It has been shown that feature widths below the 
diffraction limit of one-photon processes can be obtained with MPL.  Kuebler et al. [6] 
have reported on the fabrication of woodpile structures with line widths of 200 nm using 
730 nm laser excitation [6].  Features with 120 nm [10] and later 100 nm resolution 
obtained through introduction of radical quenchers [11] have been reported by Kawata et 
al. and narrower features have been obtained through the use of controlled post-
fabrication shrinkage [12].  Misawa et al. [13] have reported very narrow widths, which 
have been attributed to exposure based “baking” of features; however, the reproducibility 
of these features was limited.  Although sub-diffraction-limited transverse feature sizes 
can be obtained, it is clear that the attainable resolution is controlled by the width of the 
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nonlinear dose function at or above the dose threshold of the material and that this width 
is fundamentally related to the wavelength of the excitation radiation.  While there are a 
few reports of MPL using visible excitation [14], [15], the initiating systems used were 
typically un-optimized and the feature sizes produced were not exceedingly small (> 200 
nm).  Accordingly, we have investigated the resolution of MPL in a radical-initiated, 
crosslinkable acrylate resin system using a “donor-π-donor” chromophore designed for 
effective excitation at a shorter wavelength than has been typically utilized, and for good 
solubility in the resin.  
In this paper, we report on the reliable fabrication of nanoscale polymeric features 
with a width as small as 65 nm using 520 nm femtosecond pulse excitation.  We present 
studies of the scan speed and power dependence of the feature widths for 520 and 730 nm 
excitation to determine the dose dependence of the widths, which provide insight into the 
order of the excitation process.  We also demonstrate the fabrication of woodpile-type 
face-centered tetragonal photonic crystal (PC) structures with 65 nm line widths and 
lateral periodicity of 500 nm.  These photonic bandgap (PBG) structures were found to 
have fundamental stop bands in the 700 – 1000 nm spectral region. 
4.2  Experiment 
4.2.1  Materials 
The photosensitive resin used for the MPL consisted of a 50:50 wt% blend of 
triacrylate monomers (Sartomer SR9008 and SR368, used as received) along with 0.1 
wt% photoinitiator consisting of either 4,4'-bis(di-n-butylamino)biphenyl (DABP) or 
E,E-1,4-bis[4-(di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB).  The chemical 
structures of the photoinitiators are shown in Figure 4.1.  DABSB has been shown to be 
an extremely effective two-photon absorbing radical photoinitiator [1] that exhibits a 
maximum 2PA cross-section at 730 nm of 900 GM (1 GM = 1 × 10-50 cm4 sec photon-1) 
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[5].  DABP is a “donor-π-donor” chromophore with shorter conjugation length than 
DABSB that has been shown to possess a peak 2PA cross-section (~200 GM) at an 
excitation wavelength of 520 nm [16].  It should be noted that for resin systems that 
excluded both of these photoinitiators, no photoinduced polymerization was observed. 
 
Figure 4.1.  Molecular structures of photoinitiators used in this work, DABP (left) and 
DABSB (right).  
 
The liquid resin was contained in a sample cell consisting of a microscope slide 
and a coverslip substrate separated by a 100 µm thick Teflon ring spacer.  The coverslip 
was treated with an adhesion promoter (3-(trimethoxysilyl)propyl methacrylate).  
Following exposure, the sample was rinsed twice in methanol for a total of 15 minutes to 
remove the unexposed resin.  The refractive indices of the resin system were determined 
using an Abbe refractometer (Milton Roy) at wavelengths close to those used for 
excitation. 
4.2.2  Dose-Dependent Photoinduced Polymerization Studies 
Two different laser systems were used during the course of this work.  The first 
system consisted of a tunable optical parametric amplifier (OPA-800CF, Spectra-Physics) 
pumped via a Ti:Sapphire regenerative amplifier (Spitfire, Spectra-Physics) providing 
~100 fs pulses at a repetition rate of 1 kHz and tunable from 460 nm to 2100 nm.  This 
system was employed for feature writing in the dose-dependent studies as well as for 
fabrication of the PCs and spectral characterization of the finished PBG structures.  The 






nm and a repetition rate of 82 MHz with 80 fs pulses.  This system was used for the 
fabrication of support structures (see below) in the dose-dependent studies. 
A dose-dependent photo-induced polymerization study was carried out with both 
DABP and DABSB to compare the feature sizes of the structures created using different 
excitation wavelengths.  The wavelengths were chosen to coincide with the peak of the 
two-photon cross-section for each of the dyes, i.e. 730 nm for DABSB and 520 nm for 
DABP.  The two excitation beams were delivered collinearly into the MPL set-up and the 
relevant wavelength was selected using appropriate bandpass filters.  The MPL apparatus 
consisted of a 10X expansion telescope that was used to effectively overfill the objective 
(60× oil immersion Plan Apochromat, NA = 1.4, Nikon) that focused the laser beam into 
the resin.  The coverslip upon which structures were fabricated was positioned to be 
facing the objective with the adhesion-promoted side in contact with the resin (i.e. light 
was focused on the near surface of the sample cell).  Fabrication was performed by 
translating the sample using a computer-controlled 3D positioning stage (MP-285, Sutter 
Instruments).  The incident laser power was controlled using a pair of calcite polarizers.  
Dosimetry studies were performed by laser writing of free-spanning lines that were 
written at various incident average laser powers and stage scan speeds.  The range of 
laser powers was chosen to span the range from the threshold power for polymerization 
to the power at which damage to the sample occurred.  For each excitation power, lines 
were fabricated at four different scan speeds: 60, 40, 20 and 10 µm/sec.  The scan speed 
was limited on the high end by the repetition rate of laser used (1 kHz).  Both the lateral 
and axial dimensions of the written lines were determined using scanning electron 
microscopy (1530, LEO). 
The lines were written by scanning the focus of the laser beam between pre-
fabricated support structures.  Two different types of support structures were utilized.  
The first type of structure, as illustrated in Figure 4.2(a), consisted of parallel rectangular 
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walls (20 µm wide, 30 µm tall, 1 cm long) spaced by gaps that ranged from 2 to 5 µm.  
Due to the large dimensions of these structures, the 82 MHz repetition rate laser system 
was used in conjunction with a high-speed precision translation stage (XPS, Newport).  
These structures were written using the DABSB-triacrylate resin described above.  The 
structures were developed and then backfilled with either the DABSB or DABP-
triacrylate resin for line writing.  The second type of support structure, shown in Figure 
4.2(b), was a rectangular “stack of logs” structure (20 µm wide, 15 µm tall, 100 µm long, 
5-10 µm spacing).  These structures were fabricated in the same resin with the same laser 
source and excitation wavelength used for the dosimetry studies. Since using the lower 
repetition rate amplified system (Spitfire) required greater fabrication time, this porous 
structure was chosen over the more solid structure.     
  
(a) (b) 
Figure 4.2.  Schematic illustrations of both types of support structures used for dosimetry 
studies: (a) rectangular solid walls and (b) rectangular “stack of logs” structure. 
 
4.2.3  PC Fabrication And Stop-Band Characterization 
Woodpile-type face-centered tetragonal photonic crystal structures [1] were 
fabricated using the DABP-triacrylate resin to demonstrate the applicability of short 
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wavelength MPL in the fabrication of free-standing microstructures.  Woodpile structures 
were fabricated with lateral line-to-line spacings of 0.5 µm or 0.85 µm, vertical layer 
spacings of ~0.34 µm, and a height of 10 unit cell layers, with overall dimensions of 20 
µm × 20 µm.  The wavelength-dependent transmission spectra were characterized using a 
white-light continuum (spectral bandwidth 450 - 1200 nm) that was generated by 
focusing 2-3 µJ of 1.3 µm excitation from the optical parametric amplifier into a 2 mm 
calcium fluoride window.  This light was focused into the PC sample and the 
transmission spectrum was collected using a liquid nitrogen cooled CCD array 
(LN/CCD-1100-PB, Princeton Instruments) coupled to a spectrograph (SP150, Acton).  
The PC samples were mounted on a rotation stage and transmission spectra were 
collected for various angles of incidence.  
4.3  Results and Discussion 
4.3.1  Feature Sizes And Thresholds 
Arrays of lines were written between supports, as discussed above, at various 
powers and scan speeds in order to establish both the threshold for multiphoton writing of 
polymeric lines and the minimum feature sizes that could be obtained reliably with laser 
wavelengths of 730 and 520 nm for the resin systems examined.  In order to provide 
statistically meaningful data to support this analysis, between three and six lines have 
been analyzed for a given power and scan speed.  Furthermore, multiple measurements 
have been performed on any given line (made possible by their considerable lengths) 
thereby increasing the number of data points for analysis.  The threshold power has been 
defined as the lowest average laser power at which the line survival probability (ratio of 
the number of lines that survived the developing or rinsing process to the total number of 
lines written) is more than 80%.  This definition provides not only a statistical metric for 
the threshold power but also makes physical sense for the fabrication of reliable 
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structures.  Survival probabilities are expected to decrease at lower powers due to the 
reduction of feature size as well as crosslinking density both of which result in reduced 
mechanical strength of the polymerized structure.  For this reason, the choice of support 
structure employed can have an effect on the threshold power.  This will be addressed 
below.   
A representative set of fabricated lines for each resin system is shown in Figure 
4.3.  These sets of lines were written at their respective threshold powers at a scan speed 
of 60 µm/sec.  Figure 4.3(a) depicts lines written in the DABSB-triacrylate resin at 730 
nm with a threshold power of about 0.9 µW (the power quoted is that at the sample).  The 
resulting lines exhibit diameters of 200 ± 15 nm.  This sub-diffraction limited resolution 
(the diffraction limited spot-size should be about 320 nm) is typical for MPL and results 
from the superlinear dependence of multiphoton absorption (MPA) on intensity coupled 
with the thresholding nature of the polymerization process [10].  This same resin system 
has been investigated for MPL at 730 nm [6] using a similar optical layout but employing 
the same Ti:Sapphire oscillator system described above.  The feature resolution 
determined at threshold using this laser oscillator system is consistent with the findings 
discussed in this work using the amplified laser system.  Furthermore, when taking into 
account the dependence of the absorbed excitation dose on repetition rate and pulsewidth, 
the average laser powers at threshold found using each source are also consistent with 
one another.  However, the aspect ratios of the polymerized structures determined in the 
two works are somewhat different.  Individual voxels fabricated by MPL are known to 
take the shape of ellipsoids of revolution where the height in the axial direction is greater 
than the widths in the lateral directions.  This aspect ratio was determined to be roughly 
3:1 using the high repetition rate laser system [6] whereas a ratio of 5:1 was found in this 
work for the amplified kHz laser.  Given the significantly larger peak powers used with 
the amplified system compared to the oscillator system (nearly 300 times greater), it is 
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possible that the unusually high aspect ratios found here are due to self-focusing and self-
trapping effects that can lead to polymerization beyond the typical Rayleigh range [17].  
 
Figure 4.3.  SEM overview images of lines fabricated at threshold powers with (a) 730 
nm excitation using DABSB-triacrylate resin and with (b) 520 nm excitation using 
DABP-triacrylate resin. Aerial views of support structures described in Figure 4.2 are 
clearly visible in each image.  Magnified images of a single line are shown below their 
respective overview images. 
 
Figure 4.3(b) shows lines written at 520 nm using the DABP-containing resin 
system.  At the determined threshold power of about 0.7 µW (at the sample), the 
diameters of the resulting written lines are 80 ± 5 nm.  A number of observations can be 
made regarding MPL using the DABP-triacrylate resin.  Firstly, as for the DABSB 
system, sub-diffraction-limited features are observed (the diffraction-limited spot-size is 
~225 nm for 520 nm excitation).  However, the roughly 2.4 times reduction in feature 
size compared to structures fabricated with 730 nm excitation illustrates that the 
resolution is fundamentally tied to the wavelength of the excitation.  It should be noted 
that although dispersion of the refractive index of the resin system results in a slightly 
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larger refractive index at 514.5 nm (1.496) compared to 730 nm (1.485), the effect on the 
resulting numerical aperture (and consequently the focal spot size) is negligible.  
Secondly, not only are these feature sizes some of the smallest to be written by MPL, but 
the mechanical stability of these free-spanning lines are evident by their high survival 
probability despite the large length-to-width ratios of the lines (nearly 100 to 1).  Thirdly, 
the DABP initiator system exhibited a comparable power threshold to that of the DABSB 
system which itself has been shown to outperform a number of commercially available 
photoinitiators when used for two-photon microfabrication [6].  Finally, the voxel aspect 
ratio (of height to width) was found to be 7:1.  While self-focusing or self-trapping 
effects may again play a role here it is not clear why the ratio is higher than that of the 
DABSB system.  However, this may be due to a linear dispersion effect resulting in a 
higher index change upon polymerization at 520 nm or a nonlinear dispersion effect that 
gives rise to a larger nonlinear refractive index at 520 nm.  This large aspect ratio is 
evident in Figure 4.3(b) where the lines have experienced some torsional forces, most 
likely during development, leading to some twisting of the lines.  This torsion should be 
ameliorated for support structures providing smaller gaps (smaller length-to-width line 
ratios), and threshold powers should also decrease for such support structures.  This will 
be elaborated on below.  
4.3.2  Dosimetry And Order Of Multiphoton Absorption Process 
The results of the dose-dependent photo-induced polymerization study for the 
DABSB-triacrylate resin system are shown in Figure 4.4.   Figure 4.4(a) plots line widths 
(or diameters) versus inverse scan speed (proportional to exposure or dwell time) for a 
number of different excitation powers.  Clearly, line widths initially grow larger and then 
approach a constant value with increasing dwell time for a given power.  The features 
also grow larger for increasing power at a particular inverse scan speed.  The minimum 
feature size of 200 nm and the threshold power of 0.90 µW are clearly evident in the 
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graph.  Assuming that a written voxel can be described as an ellipsoid of revolution with 
equivalent widths in both lateral directions (given by the data in Figure 4.4(a)) and a 
height dictated by the 5:1 aspect ratio described above, the voxel volume versus dwell 




Figure 4.4.  Dosimetry studies on lines fabricated with 730 nm excitation using DABSB-
triacrylate resin.  Measured (a) line widths and (b) calculated voxel volumes (see text) as 
a function of inverse scan speed for different excitation powers.  Error bars are given by 
standard deviations of experimentally measured line widths.   The solid lines in (a) are 
guides for the eye whereas in (b) they represent fittings according to Eq. (1) as described 
in the text. 
 
The data in Figure 4.4(b) can be fitted to the following equation [6], 
        (1) 
where V is the volume of the polymerized voxel, t is the exposure time (proportional to 
the inverse scan speed) and A and B are fitting parameters.  The polymer growth rate is 
then given by the product of these two parameters, i.e. RP = A*B.  The growth rates 
 
V = A[1− exp(−B ⋅ t)]
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determined from the fitting curves in Figure 4.4(b) are plotted versus the corresponding 
average laser power in Figure 4.5.  It has been shown that the rate of polymer growth is 
proportional to (I)N/2 [18] where I is the intensity of the laser source (linearly proportional 
to the average laser power) and N is the order of the MPA process involved in the 
polymerization process.   Therefore, by fitting the data in Figure 4.5 to a power law 
function of the form 
2
N
thP PPCR −⋅= ,     (2)  
where C is a constant, P is the average power, and Pth is the threshold power,  the order 
of the MPA process can be determined.  The fit to the data in Figure 4.5 reveals a power 
law dependence of N ≈ 3.1 suggesting that an effective three-photon process correctly 
describes the MPA process involved in the photoinduced polymerization. Thus, while it 
is clear that the DABSB chromophore exhibits a strong two-photon resonance at 730 nm, 
absorption of at least one additional photon is involved in the photoinitiation process.  As 
such, the process can be thought of as a 2PA event followed by one-photon absorption, or 
a 2+1 MPA event.  It should be noted that the determination of the order of this process 
may be affected by non-local effects such as diffusion, which have not been taken into 
account in this analysis.  The threshold power is identified as 0.66 µW by the fitting 
curve in Figure 4.5.  The discrepancy between this value of Pth and the value of 0.90 µW 
found in the dosimetry studies discussed above stems from the influence of the 
developing process.  A larger threshold power ensures greater crosslinking of the 
polymer resulting in the requisite survival probability.    
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Figure 4.5.  Polymer growth rates (as determined in text) derived from the dosimetry 
studies shown in Figure 4.4(b) as a function of excitation power.  The experimentally 
determined values are given as filled black squares and the red solid line indicates a 
fitting according to Eq. 2.  The fitting parameters are:  C = 1770,  Pth = 0.66, and N = 
3.14.  
 
Figure 4.6 shows the dosimetry results for the DABP-triacrylate resin system.  
Once again, the trends of the line widths as a function of dwell time and the power are 
consistent with the results found for the DABSB-triacrylate resin system described above.  
Furthermore, a threshold power of 0.70 µW along with the corresponding 80 nm 
minimum feature size is also evident in the graph.  However, a reliable study of the 
polymerization kinetics, similar to the one performed above for the DABSB-triacrylate 
resin, was not possible due to the larger errors associated with these line width 
measurements.  This was mainly attributed to the smallness of the feature sizes and their 
tight grouping (the difference between the smallest and largest feature size measured was 
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a mere 35 nm, as opposed to nearly 1000 nm for the DABSB data using 730 nm 
excitation).  More detailed work on these polymerization kinetics studies will be 
conducted in the future using a more stable source of visible wavelength, high repetition 
rate, femtosecond pulse excitation to accurately determine the order of the MPA process 
involved. 
 
Figure 4.6.  Dosimetry studies on lines fabricated with 520 nm excitation using the 
DABP-triacrylate resin.  Error bars are given by standard deviations of experimentally 
measured line widths.  The solid lines are guides for the eye. 
4.3.3  PC Structures And Stop-Band Spectra 
Using the DABP-triacrylate resin system, woodpile-type face-centered tetragonal 
PC structures were fabricated.  Compared to the previous lines fabricated between 
 85 
supporting walls separated by 5-10 µm, these PC structures provide smaller separation 
between anchoring points and therefore more structural support for the lines written by 
MPL.  Consequently, since these structures enhance the survival probability of the line 
features, even smaller features than the 80 nm diameter lines reported above have been 
achieved in these structures.  Figure 4.7 shows two typical PC structures written at 520 
nm with the DABP-triacrylate resin.  In all, three sets of PCs were fabricated with powers 
of 0.75, 0.60 and 0.45 µW at a scan speed of 60 µm/sec with lateral spacings of either 
0.50 µm or 0.85 µm.  Average widths of the measured lines were 81 ± 7 nm, 75 ± 5 nm, 
and 63 ± 5 nm, respectively.  It is immediately apparent that this more mechanically 
supportive structure lowers the threshold power for polymerization and thereby allows 




Figure 4.7.  SEM overview images of woodpile-type PC structures fabricated with 520 
nm excitation at (a) 0.60 µW and at (b) 0.45 µW using the DABP-triacrylate resin.  
Fabrication parameters of PCs were:  lateral line-to-line spacings of (a) 0.85 µm and (b) 
0.5 µm, axial layer-to-layer spacings of ~0.34 µm, and scan speeds of 60 µm/sec.  
Magnified images of the PC structures are shown below their respective overview 
images. 
 
Transmission spectra for several of the PC structures described above were 
collected according to the procedures detailed in Section 4.2.3.  The spectra for different 
angles of incidence for one of these structures are shown in Figure 4.8.  Fringes are 
observed at longer wavelengths (> 900 nm) and the period corresponds to a film 
thickness of ~14 µm consistent with the height of the PC structure.  Stop bands have been 
observed and are indicated by arrows and appear at 717 nm, 810 nm, 890 nm, and 986 
nm for incident angles of 0, 10, 20, and 30 degrees, respectively.  This trend of the red-
shifting of PBG stop bands with increasing angle of incidence has been observed 
previously [19].  It is apparent that the ability to fabricate PBGs with high-resolution 
mechanically stable lines permits the design of structures possessing fundamental stop 
bands in the short-wavelength portion of the near-infrared spectral region.  In fact, the 
spectral position of the stop band is primarily dictated by the axial layer-to-layer spacing 
of the PBG.  The large aspect ratio of the lines written at 520 nm using the DABP-
triacrylate resin gave rise to large line heights (~0.34 µm) and therefore placed a lower 
limit on the axial spacing that could be achieved with these PBGs.  Stop bands in the 
visible portion of the spectrum could, therefore, be achieved by reducing this line height 
resulting in smaller axial layer-to-layer spacings.  The contrast in the observed stop bands 
can be enhanced by improving the fidelity of the fabricated PBG structures and by 
utilizing higher index materials.    
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Figure 4.8.  Transmission spectra of PBG structure fabricated with 520 nm excitation at 
0.60 µW using the DABP-triacrylate resin.  The dotted lines indicate experimentally 
observed spectra while the solid lines are merely guides for the eye.  Observed stop bands 
have been indicated by appropriately colored arrows.  Fabrication parameters of PBG 
were:  average line width of 75 nm, lateral line-to-line spacing of 0.5 µm, axial layer-to-
layer spacing of ~0.34 µm, scan speed of 60 µm/sec.  
 
4.4  Conclusion 
The use of laser-induced polymerization using a photoinitiator with a sizable two-
photon absorption cross-section in the visible wavelength region (520 nm) has allowed 
for multiphoton 3D lithography with nanoscale lateral feature resolution: line widths of 
80 nm for long, free-spanning lines and 65 nm line widths in woodpile photonic crystal 
structures.  Comparative studies with two-photon absorbing initiators at 730 and 520 nm 
show that the minimum lateral feature sizes are below the diffraction limit for the resin 
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systems examined at both excitation wavelengths, while the height to width aspect ratio 
for the features written with high intensity pulses at a 1kHz repetition rate is two to three 
times greater than typically observed for writing with high repetition rate sources. The 
fabrication of nanoscale lines via visible wavelength MPL has been utilized to fabricate 
initial polymeric photonic crystal structures with lateral periods of 500 nm, which gave 
stop bands in the near infrared spectral region.  The capability for reliable formation of 
nanoscale features using MPL should have a substantial impact on the fabrication of 
photonic, electronic and MEMS devices, among others.    
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FABRICATION OF PHOTONIC CRYSTALS WITH SUB-100 NM 
FEATURES USING MULTIPHOTON LITHOGRAPHY WITH 
SWOLLEN-GEL PHOTORESISTS 
5.1  Introduction 
Improving the resolution of fabricated features is a relentless pursuit in research on 
photolithography.  For multiphoton photolithography, which typically utilizes laser 
excitation in the range of 700-800 nm, the generation of line features as fine as 200 nm 
has been reported for free-standing structures, for example stack-of-logs woodpile 
photonic crystals [1].  While the multiphoton excitation process provides sub diffraction-
limited resolution, the minimal feature size achievable is still limited by the optical 
excitation wavelength.  Several methods to generate finer individual line features have 
been demonstrated that are based on multiphoton exposure at slightly above crosslinking 
threshold and extraction of unreacted monomers during solvent development.  Careful 
control of acid diffusion during post exposure bake in SU-8 was used to form nanorods as 
small as 30 nm [2], high concentration of radical quenchers in acrylate resin was used to 
limit radical diffusion [3], or stretching of polymerized rods spanning supports that 
undergo shrinkage [4].  These attempts have achieved finer resolution down to 30 nm but 
the created features are highly dependent on the support structure geometries and cannot 
be used for building free-form 3D structures.   
Some recent developments in multiphoton lithography have been inspired by stimulated-
emission-depletion microscopy wherein one laser beam provides excitation and a second 
laser beam, typically with a ring-shaped intensity distribution, is used to selectively 
deplete excited-state population in the outer lateral region of the multiphoton excited 
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focal volume via stimulated emission [5].  This process has been demonstrated to produce 
feature sizes down to ~130 nm laterally and ~180 nm axially in photonic crystal 
structures [6].  This process however is limited to photoinitiators with an excited state 
that can efficiently undergo stimulated emission as opposed to excited-state absorption 
processes.  Furthermore, the complex optical geometry and instrumental configuration 
are barriers to the widespread use of this technique. 
Alternative approaches to reducing the size of fabricated lines based on post-fabrication 
etching, baking, or the use of condensation reactions to expel small molecules have been 
reported.  Post-fabrication plasma etching of polymeric photonic crystals [7] has been 
used to reduce the size of fabricated lines, however this method produces inhomogeneous 
polymer removal from the top down within the structure. Thermal treatment of structures 
in an organic-inorganic material at 300ºC was used to decompose the organic moieties, 
and the volatilized organic species resulted in a reduction of feature sizes [8].  While 
feature sizes as small as 86 nm was reported, the lower surface to volume ratio at the 
interconnects of the photonic crystals compared to the free-spanning regions resulted in 
inhomogeneous size reduction.  Another approach involves a two-step shrinkage process 
wherein a solvent is used to remove unpolymerized material in photocrosslinked sol-gel 
matrix during the development step, followed by condensation of the alkoxy groups in 
the sol-gel matrix during baking.  This method produced a 35% reduction of line widths 
yielding a demonstrated linewidth of 160 nm [9].  However, this process creates 
significant structural shrinkage (18% for a 25 x 25 µm2 structure) and requires a design 
for offsetting the structures from the substrate by support posts to allow for relief of the 
shrinkage induced stress.  Significant warping and displacement of the processed 
structure from designated location resulted. 
In this chapter, the use of a swollen-gel photoresist (gel-resist) in multiphoton lithography 
as a meas of reducing fabricated feature sizes is reported.  In this method, a gel resist 
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comprising triacrylate monomers and a polymer binder is swollen by in-diffusion of an 
index matching oil.  Using this method, we have achieved line widths as small as 85 nm 
with conventional MPL at 730 nm via a mode-locked Ti:sapphire laser.  A systematic 
study of the swelling was performed by use of laser-scanning microscopy through the 
thickness of the gel resist and detection of fluorescence from an initiator dye in the resin.  
We obtain spatial profiles of the dye fluorescence through the gel resist, that allow us to 
monitor the degree of swelling as a function of time. The oil used was Cargille Type A 
immersion oil, which is a mixture of substances.  We also examined the swelling 
behavior induced by the individual major components of the immersion oil.  These 
studies have shown that the mechanism of the swelling of the gel resist matrix is due 
primarily to the diffusion of hydrogenated terphenyls (HT) and the concomitant volume 
expansion of the polystyrene-co-acrylonitrile host polymer physical network [10].  In the 
swollen-gel, multiphoton excitation under a constant exposure dose creates fewer 
crosslinks per excitation volume as compared to a non-swollen-gel, due to the dilution of 
reactive groups by in-diffusion of the oil.  The subsequent solvent development process 
removes both unreacted monomer species and absorbed oil, so that upon drying the 
polymer network reorganizes to minimize surface energy resulting in smaller features.  
The features possess sufficient mechanical strength to allow the fabrication of functional 
microstructures with lines spanning across gaps of 1 µm.  Using the swollen-gel resist 
method, uniform photonic crystals with an area of 100 x 100 µm2 that exhibit photonic 
stopbands with peak reflectivity of 60 to 90% have been fabricated.  The positions of the 
stopbands can be tuned essentially continuously from 1 to 2 microns (and possibly 
below).  Structural and optical characterization indicates that distortions due to 
longitudinal stress have a minimal impact on the fabricated photonic crystals.  This 
swollen-gel resist method provides a simple fabrication approach that produces finer 
features in a homogeneous manner from the top to the bottom of multilayer photonic 
crystal structures and could be applied to wide range of photonic structure designs. 
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5.2  Identification of Swelling Components 
5.2.1  Identification of Swelling Solvents 
Immersion oils are mixtures of organic liquids with different refractive indices, 
viscosities and thermoconductivities.  Formulation of the immersion oil, by the relative 
ratio of its components, is based on the application and the desired properties at a specific 
wavelength.  Cargille Type A immersion oil is a widely used index matching fluid (n = 
1.51-1.52 in the visible wavelengths) for microscope objectives with high numerical 
apertures, e.g. 60×, 1.4 N.A. objectives.  This swelling effect was first observed in gel 
resists that experienced  prolonged exposure to the immersion oil.  The immersion oil, 
which was initially a colorless, transparent liquid, took on a greenish color of the 
photoinitiator after exposure to the gel resists, suggesting possible oil in diffusion into the 
gel resist and swelling.   
Cargille Type A immersion oil and a representative of its components were investigated 
to determine which specie/species contributed to the gel resist swelling.  The components 
of the immersion oil were identified from its materials safety data sheet to include 
terphenyl, hydrogenated terphenyl (HT), natural hydrocarbons and polybutenes.  Each of 
the identified components is a mixture in itself, variation in the isomerisation, degree of 
hydrogenation, length of the carbon chains, and molecular weights respectively.  We 
identified several representative compounds to the best of our knowledge and commercial 
availability.  Terphenyl was not investigated due to its minute presence (<5%) in typical 
formulations.  HT is the product of partially hydrogenated terphenyls, which consists of 
three isomers (ortho, meta, and para linkage to central benzene), resulting in a wide range 
of possible species.  The closest available option identified was 3-phenylbicyclohexyl 
(BCHP) (Aldrich, mixture of isomers) which is composed of 57-69% meta-isomer at 30-
35% hydrogenation.  The natural hydrocarbon was identified to be white mineral oils 
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Kaydol and/or Gloria (Sonneborn) from a 1975 Cargille immersion oil formulation patent 
[11].  Polybutene (Aldrich, Mn ~920) was chosen based on similarity in molecular weight 
with the Mn ~1400 found in the same patent [11].   
5.2.2  Raman Characterization 
We characterized the immersion oil and the identified components using a Fourier-
transformed Raman spectrometer (Bruker, MultiRAM) with a 5 mm pathlength, silver-
backed cuvette.  Acquisition of the spectra involved the averaging of 50 scans.  Aromatic 
C-H stretching bands (3060, 2940, and 2850 cm-1) were shared by BCHP and immersion 
oil.  Other C-H stretching modes from Kaydol and polybutene, although not distinct, 
were also present in the same 3000 – 2850 cm-1 region.  In the fingerprint region, distinct 
aromatic C=C bending (1600 cm-1) and C-H in plane bending (1000 cm-1) were present in 
both the BCHP and immersion oil, C=C stretching (1650 cm-1) was shared by polybutene 
and immersion oil, and C-H2 bending (1450 cm-1) was shared by all components and 




Figure 5.1.  Raman spectra of Cargille immersion oil and the representative components 
scaled to Kaydol 59.1%, BCHP 32.8%, Polybutene 4.2% (96.1% total). 
 
Figure 5.1 shows the absorption spectra for the immersion oil, scaled components, and 
the residual after subtraction of scaled components from the immersion oil.  Although the 
components do not add up perfectly to the immersion oil spectra, the small residual 
indicates the components examined qualitatively represent the formulation of the 
immersion oil. 
5.3  Experiment 
5.3.1  Gel Resist Preparation 
To prepare the gel resist, photosensitive resin was first prepared by dissolving 
polystyrene-co-acrylonitrile (Polyscience, Inc., 75:25 styrene:acrylonitrile), triacrylate 
monomers SR9008 (Sartomer)and SR368 (Sartomer) in 30:35:35% weight ratio in 
equivalent volume of 1,4-dioxane (Aldrich, spectrophotometric grade 99%) as the casting 
solvent.  Next, the multiphoton radical initiator E,E-1,4-bis[4-(N,N-di-n-
butylamino)styryl]-2,5-dimethoxybenzene (DABSB), shown in Figure 5.2, was employed 
at 0.1 wt% relative to the resin matrix.  This chosen initiator has been shown to be an 
extremely effective with a maximum two-photon absorption cross-section of 900 GM at 







Figure 5.2. Molecular structures of photoinitiator DABSB. 
 
Subsequently, the resin solution containing DABSB was blade-casted at a thickness of 
100 µm onto a microscope slide substrate (drawing in Figure 5.3).  Prior to the casting, 
the acetone cleaned glass microscope slide was treated with 10 %vol 3-
(trimethoxysilyl)propyl methacrylate (Aldrich, 98%) in ethanol (Aldrich, 200 proof, 
anhydrous, 99.5%) and baked on a hot plate at 130°C for three cycles to promote the 
adhesion of acrylic structures to the substrate.  This blade-casted pre-resin film was 
placed in a dark drying chamber overnight allowing the casting solvent to evaporate 
slowly to form a layer of semi-dried gel resist with uniform thickness.  With a 5-hour 
vacuum drying proceeded as the final step, a 50 µm thick gel resist was obtained.   
 
Figure 5.3.  Gel resist preparation from blade-casting of pre-resin to dried gel resist. 
 
5.3.2  Gel Resist Swelling 
Fluorescence of DABSB in the gel resist was utilized to monitor the degree of swelling 
via multiphoton excitation.  This excitation laser was focused by a high numerical 
aperture oil immersion objective to generate the highest axial resolution.  Due to the 
limited working distance, the objective was brought within 200 µm to the sample, 
mediated by the immersion oil.  In order to prevent turbulence and mixing from the 
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sample’s movement during the course of the experiment, a liquid sample cell was 
constructed around the gel resist.  The gel resist was trimmed to fit within the inner 
diameter of a 100 µm thick Teflon ring spacer (Aldrich) as depicted in the drawing 
(Figure 5.4) below:   
 
Figure 5.4.  Cross section view of a constructed liquid sample cell, with a non-swollen 
and swollen-gel resist. 
 
An excess amount of swelling solvent was applied to the gel resist prior to capping with a 
#0 coverslip to ensure a bubble-free, constant pathlength cell for fabrication.  The 
coverslip was secured with tape to prevent slippage.  Immersion oil was added on top of 
the cell for index matching prior to fluorescence scanning.  The degree of swelling was 
controlled by varying interaction time with the swelling  
5.3.3  Swelling Characterization 
The swelling kinetics was monitored by multiphoton-excited fluorescence from DABSB 
in the gel resists, schematic shown in Figure 5.5.  The sample cell was mounted on a 3-
axis translational stage to allow for the positioning of a fixed focal point anywhere in the 
sample cell.  The stage was computer controlled through a high-performance motion 
controller (Newport Corporation, XPS-C4).  Excitation of DABSB was achieved by 
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focusing a 80 MHz, 730 nm beam from the mode-locked Ti:Sapphire laser (Spectra-
Physics, Tsunami) into the sample cell with a 60x oil immersion objective (Nikon, VC).  
The fluorescence signal generated from DABSB in the sample cell was collimated with 
the same objective and diverted from the excitation path with a dichoric mirror (Chroma 
Technology, 710dcxr).  The fluorescence was transmitted through a 550 nm short pass 
filter to eliminate excitation and room light, focused via a fiber collimator into a fiber 
coupled photodetector (New Focus, FemtoWatt). 
  
Figure 5.5.  Laser excitation and fluorescence detection setup (left) and an example of 
fluorescence scan (right). 
 
The experimental setup of this multiphoton-excited fluorescence measurement is shown 
in Figure 5.5 left and an example of fluorescence profile is shown in the right.   
Fluorescence profiles were obtained by simultaneous translation of the sample along the 
z-axis and collection of fluorescence signal.  The scans were initialized by focusing the 
excitation beam within the bottom substrate, where no fluorescence was observed, 
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followed by translating the gel resist into the laser focus, where fluorescence was 
detected, and finished as the immersion oil within the cell and then the top coverslip 
moved into the focus.  Fluorescence scans were collected at fixed time intervals to 
monitor the swelling induced changes to the gel resist.   
5.3.4  Effects of Swelling in MPL 
Crosslinking of the gel resist was achieved, using the same experimental setup described 
above, by increasing the laser excitation intensity above the initiation threshold (>3x 
power used in fluorescence scans).  The exposed volumes were rendered insoluble by 
multiphoton initiated radical crosslinking reaction.  Development in 4-methyl-2-
pentanone (MIBK, Aldrich, 99%) dissolves unexposed monomers while exposed volume 
above the crosslinking threshold was not affected.  The crosslinking density was 
controlled by the excitation intensity, exposure volume and duration.  A set of macro-
scaled block structures, as depicted in Figure 5.6, were fabricated to assess the effect of 
gel resist swelling on multiphoton photopolymerization.   
 




Laser exposure was performed in alternating x and y direction for each layer, creating a 
cross-shaped structure with clear edges for analysis.  The laser volume exposure pattern 
was fixed and structures were fabricated at various oil immersion time.  
The effects on the individual writing elements were investigated by stack-of-logs type 
photonic crystals.  Woodpile PCs with a body centered tetragonal lattice, alternating rod 
direction along the stacking direction, as depicted in Figure 5.7, were fabricated to 
characterize the shrinkage. 
 
 
Figure 5.7.  BCT lattice with line-to-line spacing (Dx=Dy) of 1 micron and layer spacing 
(Dz) of 650 nm.  
 
Thes structures offer free-spanning cords of 1 micron length between overlapping 
volumes with adjacent layers, allowing for multiple points of line width measurements.  
Exposure dose ranging from 2 to 4 mW were used to fabricate 8-layered PCs.  Special 
care was taken in the reference, non-swollen, sample where fabrication proceeded 
immediately upon oil application and the experiments were completed in less than 3 
hours.  These steps minimized swelling effects, where fluorescence profile indicated the 
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writing volume at and near the substrate was not altered.  Fabrication in swollen gel resist 
began after 18 hours, well after equilibration period according to the fluorescence z-
scans.   
5.4  Results and Discussion 
5.4.1  Swelling of Gel Resists 
Fluorescence scans of the gel resist prior to any appreciable degree of swelling indicated 
DABSB chromophores were initially trapped within the gel resist, indicated by the high 
fluorescence intensity localized within 40-50 µm of the substrate (1.995 mm in Figure 
5.8).  As the immersion oil began to diffuse into the gel resist, a broadening to the 
fluorescence signal is observed.  As the gel resist became saturated with the immersion 
oil, DABSB began to diffuse into the surrounding immersion oil, resulting in the 
observed increase in fluorescence signal detected outside of the gel resist volume (Figure 
5.8).   
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Figure 5.8.  Cargille swelling representative fluorescence profile. 
 
An equilibrium point where no further changes to the fluorescence profile were observed 
was reached at ~18 hours.  The final degree of swelling was determined to be ~30% 
increase in thickness (Figure 5.9). 
 
Figure 5.9.  Gel resist thickness plotted as a function of immersion time. 
 
A similar investigation was performed for each component of the immersion oil to 
determine if there was a particular component dominating the swelling.  Immersion of the 
gel resist with the mineral oil Kaydol and polybutene resulted in negligible changes to the 
fluorescence profile over time.  Swelling with BCHP (as shown in Figure 5.10) resulted 
in significant changes: 1) an increased degree of swelling was observed (estimated to be 
 104 
~40%), 2) DABSB showed stronger affinity to BCHP than the gel resist itself, resulting 
in an inverted fluorescence profile.   
 
Figure 5.10.  Gel resist swelling profile in BCHP. 
 
This observation is likely the result of the phenyl groups from a more favorable solvation 
energy for the DABSB in BCHP as compared to the interaction between DABSB and the 
PSAN/triacrylate resin environment, perhaps due to stronger ππ-stacking or induced 
dipole-induced dipole interactions with BCHP.  The low concentration of BCHP in the 
Cargille immersion oil and the low swelling effect of the other components results in an  
equilibrium swelling and fluorescence profile observed in the immersion oil. 
Swelling studies were also performed with gel resists in immersion oil bath, without 
confinement to a liquid cell, to investigate if the gel-like swelling behavior is due to the 
formulation of the gel resist and not the experimental geometry.  After immersion for 
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several days, there was no indication of film dissolution, confirming the gel resist acts as 
a physical gel in the immersion oil.   
5.4.2  Effect of Swelling on Macro-scaled Structures 
Scanning electron microscopy images (in Figure 5.11) of two block structures fabricated 
at early time (4 hours) and long time (20 hours) indicate tapering of the structures away 
from the substrate.   
  
Figure 5.11.  Cross structure fabricated at 4 hours (a) and at 20 hours (b) of immersion. 
 
The footprints of the structures are fixed due to their attachment to the underlying glass 
substrate while the tops are free to relax by lateral shrinkage.  A minor degree of tapering 
(1-5 % depending on exposure conditions) observed at early times is caused by volume 
shrinkage upon crosslink formation between acrylate monomer units.  High degree of 
tapering was evident in structures fabricated at extended immersion times, the results of 
edge widths versus immersion time are shown in Figure 5.12 below. 
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Figure 5.12.  Edge width measurements of two sets of cross-shaped structures fabricated 
at different powers as a function of immersion time. 
 
This decrease in edge width is attributed to reduced crosslinkable material as a function 
of swelling.  Since the exposure parameters were fixed, the only variable was the time 
dependent immersion oil diffusion.  As the oil penetrates into the gel resist, the gel matrix 
was swollen as depicted in the inset schematic above giving reduced number of 
photoinduced crosslinks per unit excitation volume.  Upon development, the immersion 
oil was extracted by the same solvent as the developer for uncrosslinked material.  The 
loosely networked polymer matrix reorients to minimize surface energy upon drying, 
resulting in additional shrinkage in the final structures. 
5.4.3  Effect of Swelling on Microstructures 
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Representative comparison of PCs fabricated in the reference and swollen-gel resists are 
shown below (Figure 5.13). 
  
Figure 5.13.  PC fabricated with 2 mW immediately upon oil application (left), and PC 
fabricated after 20 hours of immersion (right). 
 
Results showed little to no distortion of the periodic 1 micron grid pattern is observed, 
indicating any stress from structural shrinkage is relieved uniformly in both the non-
swollen and the swollen cases.  The difference between the mechanical modulus of the 
polymer and glass substrate, however, caused a shift of the lattice at the substrate layer 
for both cases.  Line width measurements of the reference sample, plotted in Figure 5.14, 
showed the characteristic trend as seen in the literature [13].  The swollen sample showed 
a reduction in widths compared to the similarly exposed non-swollen sample.  These 
results are expected from the model from the macro structure case, where less crosslinks 
are formed per unit exposed volume in the swollen-gel resist, however the line widths 




Figure 5.14.  Dosing characteristics in reference (immediately after oil application) and 
swollen-gel resists. 
 
5.4.4  Swelling Kinetics 
To gain further insight into the dynamics of swelling, a series of PCs with same lattice 
and exposure parameters were fabricated at various degree of swelling.  In additional to 
resolution measurements, the photonic stopband property was used to provide an 
additional monitor for the degree of swelling.  These stopbands arise from the interaction 
of light with the periodic arrangement of polymer rods, creating constructive and 
destructive interference through multiple interactions within the PC.  As the cord 
dimensions (both lateral and axial resolution) decreases, the resultant PCs were modified 
in two ways: 1) polymer fill-fraction decreases, lowering the effective refractive index, 
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and 2) layer spacing is reduced.  Both of these effects contribute to blue-shifting photonic 
stopband positions by using Bragg’s equation.  
Support frame structures were fabricated immediately prior to each PC to provide 
anchoring points to prevent solvent turbulence related distortion and collapse during the 
development process.  The support frames were fabricated with conditions similar to that 
of the blocks discussed in the previous section, under these higher dosing condition, the 
effect of shrinkage is minimal (<5%).  The PC’s layers were increased to 32 layers for 
depth-dependent size-reduction analysis and improved stopband intensities. 
 
Figure 5.15.  Line widths vs immersion time.  The line widths measured at the saturation 




Cord width reduction as a function of swelling follows a single exponential decay, fitting 
reveals a lifetime of 3.6 ± 0.5 hours (Figure 5.15).  Infrared reflection spectra were 
collected using a Fourier-transform infrared microscope spectrometer (FTS7000-
UMA600, Agilent).  PCs were measured with a 15× Cassegrain objective, 80 × 80 µm2 





Figure 5.16.  Infrared spectra (top) and stopband peak positions (bottom) for PCs 
fabricated with layer spacings of 800 nm, line spacings of 1000 nm, and exposure power 
of 2.25 mW as a function of immersion time. 
 
All structures showed strong reflectance (> 60%) and a systematic blue shift is observed.  
Three distinct stages of stopband shifts were evident: 1) an initial induction period (<5 
hours) where swelling throughout the fabricated volume was not uniform, 2) a linear 
regime where the stopband peak positions blue-shifts linearly between 5 and 14 hours, 3) 
an equilibrium regime where minute changes to the stopband position at swelling  time of 
> 14 hours. 
Band structure calculations were performed using a commercially available simulation 
software, BandSOLVE (RSoft), in order to verify the observed trend of the blue shifting 
stopband positions as a function of decreased feature sizes.  The simulation result shown 
in Figure 5.17, was performed using the line widths to factor in the effect of swelling, 
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with the line heights and layer spacings scaled to the widths at an aspect ratio of 2.66 and 
30% vertical overlap between layers.    
 
Figure 5.17.  Stopband positions for normal incidence (along the PC stacking direction) 
as a function of reduced line widths due to swelling.  
 
 The simulation result demonstrates the stopband shift towards shorter 
wavelengths is consistent with the overall reduced PC lattice parameters.  Whereas 
Figure 5.17 shows only the bandgap at normal incidence, the focusing geometry of the 
infrared microscope has a broad range of incidence angles, which is like the cause of 
discrepancies between the simulated and experimentally observed stopband positions. 
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5.4.5  Application of Swollen Gel Resist for PC Fabrication 
To ascertain the feasibility of utilizing the swollen-gel resist for reliable fabrication of 
photonic crystal structures, the structure distortion was characterized by scanning 
electron microscopy.  To investigate the effect on feature uniformity from the swelling 
process, the interior of the PC had to be investigated.  Focused ion beam etching (FEI, 
Nova Nanolab 200) was attempted to interrogate the PC interior, however the milling 
process induced significant distortion to the structure.  Fracturing of the substrate, while 
the least precise or repeatable, provided the least apparent distortion and one example of 





Figure 5.18.  160 mm × 160 mm × 32-layered PCs with BCT lattice were fabricated with 
a rod spacing of 1 µm and layer spacing of 550 nm at 2 mW.  Overview of fractured 
structure (top left), crossectional view of the edge (top right) and center (bottom) region.    
 
The difference in crosslink densities between the frame and the PC was the primary cause 
of distortion observed in the outer region of the PCs.  The difference in the shrinkage 
ratio led to stretching of the features close to the edge, as depicted in above Figure 5.18 
top right, this distortion was dissipated by 12 µm into the PC region, leaving the center 
uniform area of > 100 × 100 µm2.  Within this central region, the lateral spacing 
distortions was negligible (< 2%) due to the support from the adjacent cells.  A higher 
degree of shrinkage was observed in vertical direction of the lattice (45%), since the 
lattice was able to freely compress.  The cord features exhibit good uniformity throughout 
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the depths of structure, comparing the top layer to the substrate layer, with a 7% variation 
in line width (156 ± 7 nm at the top vs 168 ± 20 nm at the bottom) and 12% in line height 
(396 ± 14 nm at the top and 450 ± 28 nm at the bottom).  Aspect ratios between the line 
width to height were 1:2.54 at the top 1:2.68 at the bottom, which are consistent with 
typical features obtained in non-swollen gel resists and liquid resins [1], suggesting the 
reduction in volume is isotropic.  It should be noted similar experiments performed 
without supporting frames resulted in the same averaged lateral spacings, however the 
cord features with their elongated height tends to tilt sideways, resulting in registration 
errors between successive layers in the PC. 
The PCs fabricated exhibit strong photonic stopband in the infrared region.  Since the 
position and magnitude of the stopband are directly related to the periodicity of the 
structure, it was used to assess the reproducibility of the PCs generated from the swollen-
gel resists.   
 
Figure 5.19.  Infrared reflection spectra of 16 identical PCs. 
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FTIR reflection spectra of 16 PCs of the same fabrication parameters are shown in the 
Figure 5.19 above, with a gold mirror as reference.  The stopbands showed good 
reproducibility both in terms of magnitude (81 ± 4% reflectance) and position (1.32 ± 
0.01 µm). 
Tuning of the PC stopband could be achieved statically using swollen-gel resist after 
saturation time was reached or dynamically by fabrication at different degree of swelling.  
Static tuning by varying the layer spacing from 800 to 550 nm resulted in the stopband 




Figure 5.20.  Static tuning by changing layer spacings (top) and dynamic tuning by 
swelling time (bottom). 
 
An example of such dynamic tuning has been demonstrated in the previous section for 
2.25 mW exposure, a similar experiment at 1.50 mW resulted in the same tuning trend 
(Figure 5.20 bottom), except the same degree of swelling resulted in more blue-shifted 
stopand positions from 1.3 to 1 µm, corresponding to the lower fill fraction from the 
lower exposure power.   
5.4.6  Finest Resolution Achievable 
In order to determine the highest resolution achievable with this system, additional 
dosage experiments were carried out with lower exposure powers and smaller layer 





Figure 5.21.  (Top) line widths versus immersion time for a set of three exposure powers.  
(Bottom left) PC at 1.5 mW, t=16.5 hrs.  (Bottom right) PC fabricated at 1.5 mW at 
t=20.6 hrs (saturation).   
 
Line width measurements of the fabricated structures show sub-100 nm features when an 
exposure power of 1.5 mW was used.  Resolution of 94 ± 4 nm and 85± 4 nm were 
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observed from PC fabricated at 16.5 and 20.6 hours of swelling, respectively.  Further 
reduction in power or extended swelling time resulted in delamination of the PC from its 
support frame or structural collapse in more severe cases, indicating the mechanical 
stability of the rods (with the lattice parameters chosen) was not sufficient to survive 
development process reliably. 
5.5  Conclusion 
In summary, swollen-gel resist offers a simple, facile means to achieve improved 
resolution with widely used near-infrared Ti:sapphire multiphoton microfabrication 
systems.  The combination of exposure volume in the swollen gel resist matrix and the 
post development shrinkage provided up to 50% homogeneous reduction in feature sizes.  
This swelling approach was used to fabricate photonic crystals with strong reflection 
stopbands (> 60% relative to gold) in the near-IR range (1-2 µm).  Further optimization 
of the lattice parameters by reducing the line and layer spacings will increase the degree 
of overlapping volumes between rods to minimize distortion caused by solvent 
development and could afford feature sizes smaller than the 85 nm reported here.  
Investigation into monomers with higher functional groups to molecular size ratio could 
further improve the structural stability.  The low polymer fill-fraction in these photonic 
crystals widens their applicability as templates for surface chemistries and sensing 
applications.  For applications in 3D volumetric structures, the difference between 
exposed volumes and the final structure could be compensated by the characterization of 
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CHAPTER 6 
SILVER COATED PHOTONIC CRYSTALS: TUNING PHOTONIC 
CRYSTAL PROPERTIES WITH SURFACE MODIFICATION 
 
6.1  Introduction 
Metallic photonic crystals (MPCs) have been of considerable interest because of 
their electromagnetic and high temperature properties for applications including 
enhancement of metal absorption [1] and suppression of thermal emission [2].  While 
MPCs with centimeter-scale lattices operating at gigahertz frequencies have been 
achieved by use of conventional machining methods [3, 4] in the late 1980s and early 
1990s, subsequent interest in MPCs that could operate at terahertz frequencies (infrared 
wavelengths) required the use of different fabrication methods to achieve miniaturization 
of the lattice dimensions to the micron scale was necessary.  Tungsten MPCs with a wide 
photonic bandgap in the IR region were fabricated using a layer-by-layer 2D lithography 
and etching along with metalloorganic chemical vapor deposition (MOCVD) 
technique[5] were reported in 2002.  The desire to investigate various microstructure 
lattice designs and to incorporate well defined “defect” features into various periodic 
lattices led researchers to explore other fabrication approaches that are more suitable for 
free-form rapid prototyping.   
Multiphoton lithography (MPL) is a powerful technique for fabricating 3D micro- 
and nano-structures with feature sizes down to 65 nm [6].  The ability to induce 
photochemistry in arbitrary 3D patterns makes MPL a versatile tool for the fabrication of 
tailored photonic crystal (PC) structures [7, 8].  The applications of polymeric PCs, 
however, have been limited by virtue of their low refractive indices, preventing the 
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formation of complete photonic bandgaps. The most direct approach to obtaining 
metalized photonic crystal structures was afforded by CVD of silver onto polymer 
gratings [9], however this deposition process requires high temperature, making it 
incompatible with polymer based structures, and requires extensive processing time.   
Several groups have reported wet chemical approaches and polymer surface 
chemistries to achieve selective metal coatings.  Farrer et al. have demonstrated 
deposition of gold and copper coatings on various microstructures (chains and coils) 
based on the preferential Michael reaction of amines with acrylates over methacrylates 
[10].  Formanek et al. have reported deposition of silver on microstructures containing 
styrenes [11].  Chen et al. have demonstrated electroless silver plating via amine 
modification of a polymer surface to obtain silver coated mirrors [12] and PCs [13].  The 
coating of PCs templates based on the epoxy polymer SU-8 with copper [14] and nickel 
[15], and the resultant modification to the optical characteristics have been explored. The 
resulting MPCs showed plasmonic band edges at ~ 3.5 µm indicated by the onset 
broadband infrared reflectance enhancements at wavelengths above this band edge.  
Despite the interest in MPCs for the manipulation of IR radiation, the control of the 
morphology and uniformity of the metal coatings within the 3D microporous networks of 
PCs is not well understood and the effect of these issues on the optical properties MPCs 
has not received sufficient attention. 
In this chapter, the investigation several aspects of the wet-chemical  
methodologies used to apply silver coatings to polymeric PCs, the morphologies of the 
metal coatings, and the impact on the modifications of the PCs optical properties are 
reported.  Experimental factors investigated include: 1) modification of the polymer 
template surface in-diffusion of tin ions that are catalytic for silver growth and the 
covalent chemical attachment of amines in attempts to control the density of nucleation 
sites to achieve varying degrees of silver surface coverage, 2) electroless plating 
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chemistries by reducing agents and capping agents to achieve varying deposition and 
morphologies, and 3) the use of directed microflow processes, by using a syringe pump, 
to introduce metal growth reactant infusion to improve reactant penetration into the 
microporous PCs and coating uniformity.  Improved control of the morphology, 
uniformity throughout the microstructure, and the optical properties of the MPCs was 
obtained through the systematic studies performed.  With improved process control, the 
MPC optical properties could be varied reproducibly from showing discrete stopbands 
with variable reflectivity in sparsely nanoparticle decorated PCs to strong broadband IR 
reflection with a plasmonic band edge at 1.75 µm for densely coated PCs.   
 
6.2  Experiment 
6.2.1  Fabrication of Microstructures 
The instrumentation for MPL and the design and fabrication of microstructures 
have been described in detail in Chapter 3.  The photoresist material used for this study 
was a liquid resin mixture of trifunctional acrylate monomers SR9008 and SR368 
(Sartomer) at a 50:50 weight ratio.  The concentration of a radical inhibitor, 4-
methoxyphenol (Aldrich, 99%), in the resin was raised to 0.1% of the total resin weight 
to prevent thermal crosslinking during sample preparation and spreading of free radical 
polymerization outside the illuminated volume.  Multiphoton radical initiator E,E-1,4-
bis[4-(N,N-di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB), whose structure is 








Figure 6.1. Molecular structure of photoinitiator DABSB. 
 
The fluid resin was contained by an optical cell, comprising microscope slide 
which had been treated with an adhesion promoter and a microscope cover slip (Electron 
Microscopy Sciences, Gold Seal No. 0), separated by a 100 µm thick Teflon spacer 
spacer (Aldrich).  The adhesion promotion of the slide surface was performed by spin 
coating of 10% by volume solution of 3-(trimethoxysilyl)propyl methacrylate (Aldrich, 
98%) in ethanol (Aldrich, 200 proof, anhydrous, 99.5%) followed by baking at 130ºC.  
This process was repeated three times.  Following laser scanning exposure of the desired 
pattern, post-exposure development was carried out using 4-methyl-2-pentanone 
(Aldrich, 99%) to dissolve and remove unexposed material. 
 
6.2.2  Metallization Methods 
Two metallization processes were investigated.  For method 1, chemical 
sensitization of the surface of the polymer structure, physically swelling of the polymer 
surface and in-diffusion of Sn2+ ions into the polymer was performed using a solution of 
stannous chloride in a solvent followed by washing with alcohol to remove excess from 
the surface.  Method 2 was involved a surface chemical modification of uncrosslinked 
acrylate groups on the polymer surface with a multifunctional amine via Michael addition 
[17].  The intial surface treatment was followed by treatment with a solution of silver ions 
which could bind with amine sites or undergo reduction by Sn2+ ions at the surface. In 
both cases, small silver nanoparticles were formed and then grown in a subsequent 
electroless deposition process. 
 
6.2.2.1  Metallization via Tin Sensitization 
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This metallization procedure was developed in collaboration with Dr. Yadong 
Zhang.  The silver nucleation chemistry was based on Formanek’s work [11], where 
stannous chloride was used to catalyze the silver ion reduction.  The selectivity in 
Formanek’s work was based on addition of polystyrene into the crosslinkable resin and 
its affinity to Sn2+ ions.  Our approach to selectivity was based on swelling of the 
polymer surface and trapping of Sn2+ ions on or just below the surface, thus preserving 
the established resin materials and fabrication conditions.  A schematic of this 
metallization process is shown in Figure 6.2. 
 
Figure 6.2.  Schematic representation of Metallization via tin sensitization. 
 
Samples were subjected to a stannous chloride (Aldrich, SnCl2⋅2H2O, 98%) 
saturated solution of propylene glycol monomethyl ether acetate (Aldrich, PGMEA, 
99%) for 2 hours. The PGMEA is able to weakly swell the fabricated polymer structure 
as well as dissolve the SnCl2.  The samples were then rinsed thoroughly with methanol 
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(Aldrich, spectrophotometric grade) and Sn2+ ions were trapped by the deswelling of 
polymer surface. Selectivity of the metallization process was achieved by rinsing for 35 
seconds in an aqueous 3% H2O2 (VWR, 30% in H2O).  During this step, the 
hydrophobicity of the polymer should protect the absorbed Sn2+ ions, whereas unwanted 
ions on the hydrophilic glass substrate were oxidized to Sn4+, which renders them inert 
towards silver reduction.  The electroless deposition process was carried out using a 
Tollen’s Reagent based commercial silver plating solution (Peacock Laboratories Inc., 
HE-300).  Electroless plating of the fabricated and sensitized polymeric microstructures 
were carried out according to the manufacturer’s directions wherein the silver ion 
containing solution was first combined with an activator solution and was allowed to mix 
for 5 minutes prior to the addition of the reducing solution.  The substrates bearing 
polymer microstructures were submerged into the electroless plating solution at room 
temperature and the degree of plating was controlled by the duration of the submersion.  
The electroless deposition reaction was terminated by rinsing the samples with deionized 
water for three times. 
 
6.2.2.2  Metallization via Surface Modification 
Selective silver deposition in this approach was achieved through the surface 
modification of fabricated polymer microstructures by reaction of surface acrylate groups 
with difunctional or polyfunctional amines via Michael addition.  Two reactants with 
different number of functional groups were investigated, one was a facile reaction with 
20 vol% ethylenediamine (Sigma-Aldrich, 99%) in ethanol [10] at room temperature for 
1 hour, and the other was a surface amplification process where alternating reactions with 
5 wt% of tris(2-aminoethyl)amine (Aldrich, 96%) and 5 wt% of dipentaerythritol penta-
/hexa-acrylate  solutions in ethanol at 45ºC for 1 hour, a total of 3 cycles followed by a 
final amine treatment was used to amplify the number of amine surface functional groups 
[18].  In this case unwanted deposition of silver on the substrate was minimized by 
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treatment with bromotrimethylsilane (Fluka, 97%) for 1 hour to deplete hydroxyl 
concentration on the surface and render the substrate hydrophobic to avoid adsorption of 
silver ions.  A schematic of this metallization process is shown in Figure 6.3. 
 
Figure 6.3.  Schematic representation of Metallization via surface modification. 
 
In order to achieve a silver surface coverage with the highest density and forming 
the thinnest conformal coating on the polymer microstructures for localized plasmon 
resonance effects, the silver seeding and the electroless plating steps were investigated 
and optimized separately.  The seeding step was performed by binding silver ions to the 
amine sites on polymer surface by subjecting the sample into a silver nitrate (Sigma-
Aldrich, 99%) solution for 30 minutes.  After formation of silver seeds on the surface, 
three cycles of reductive growth of silver was performed by alternating treatments with 
sodium borohydride (Aldrich, 99%) and silver nitrate aqueous solutions[19] for 30 
minutes each in a vial with constant stirring.  A variation on this procedure used 
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acetonitrile as the solvent to ensure better wetting of the polymeric surfaces by the 
solutions and the high solubility of silver nitrate in acetonitrile.  Electroless deposition 
was performed using aqueous solutions of silver nitrate, hydroquinone (Fluka, 99%) as 
selective reducing agent [20], and sodium citrate (Aldrich, trisodium citrate dihydrate) as 
the capping agent [21].  A stepwise growth of the plating thickness was achieved by 
using hydroquinone as the limiting reagent.  Plating time was limited to 6 minutes per 
cycle due to a slow citrate induced nanoparticles seeding.  
 Samples prepared by both silver coating methods were analyzed with scanning 
electron microscopy (LEO/Zeiss Electron Microscopy, 1530 FE SEM) and Fourier 
transform infrared spectroscopy (Agilent, FTS7000-UMA600). 
 
6.3  Results and Discussions 
6.3.1  Metallization via Tin Sensitization 
6.3.1.1  Metallization of Polymer Flats 
Initial experiments were performed on flat, microfabricated polymer surfaces to 
investigate the increase in reflectivity as a function of deposited silver.  In order to 
produce surfaces similar to those of the photonic crystal microstructures, the polymer 
flats were fabricated by MPL, similarly to the photonic crystals, by using very narrow 
spacings (50 nm) between scanned line features such that the surface becomes continuous 
and with a small surface roughness.  Metallization of the flats using coating times of 2 – 3 





Figure 6.4.  Optical image of metalized polymer flats subjected to 2 minutes of silver 
electroless plating (left).  Infrared reflection spectra of polymer flats subjected to various 
times (50 sec. – 2 min.) for silver deposition (right). 
 
 
Infrared reflectance spectroscopy of these structures showed an increasing 
reflectivity with increasing deposition time, as shown in Figure 6.4.  An induction period 
for the development of high reflectance silver films similar to that reported by Tal et al 
for copper coatings [14] was observed, indicating that the initial deposition (t < 1.5 
minutes) consisted of small metal islands, and the plating thickness approaches the skin 
depth of silver at ~2 minutes.  Structures that were subjected to longer deposition times 
(from 2 minutes on) show reflection spectra similar to evaporatively deposited silver 
films.  Results from this set of experiments demonstrated the methodology employed was 
successful in selectively deposit silver onto polymer surfaces. 
 
6.3.1.2  Metallization of PCs 
To study the metallization of PCs and the coating morphology, samples with 4 × 4 
arrays of 16 PCs were fabricated with lattice parameters of 4 µm line and 1.5 µm layer 
spacings.  The overall dimensions of the PCs were 100 µm × 100 µm × 24 µm.  
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Sensitization of the PCs was achieved using the same reaction condition as the optical 
flats. PCs with varying degrees of silver deposition were obtained by varying the 
immersion time of electroless plating from 1 to 5 minutes.  Infrared reflectance spectra 
shown in Figure 6.5 below illustrate the progression of the PC stopband as a function of 
the thickness of the silver coating.  
 
Figure 6.5.  PC infrared reflection spectra from the unsilvered polymer PC (black) to a 
PC coated with silver with various times of growth.. 
 
Reflection spectra of these structures showed a small, long-wavelength shift of the 
stopbands from peak positions of 5 to 6 µm with longer deposition time.  This red-shift 
corresponds to increased effective refractive index resulting from the metal attachment. 
This result is consistent with the observations and simulations by Buso et al. for 
increasing thickness of CdS electroless plating on PCs [22].  An increase in the stopband 
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reflectivity was also observed in conjunction with the long wavelength shift.  The 
enhancement factor of the reflectance, relative to the initial stopband reflectance or the 
PC structure and the results for each of 16 structures for each silver film growth time are 
plotted in Figure 6.6.   
 
Figure 6.6.  Stopband reflectance enhancement as a function of deposition time. 
 
The maximum enhancement of the reflectance was a factor of 1.8× for the 
structures subjected to 3.5 to 4 minutes of coating, relative to the uncoated structures.  
These were conservative estimates since the stopband wavelength overlaps with the 
polymer’s carbonyl absorption at 5.8 µm, obscuring the actual peak reflectance, and the 
metallization-induced shift causes an increasing overlap of the reflectance and the 
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carbonyl absorption band.  This result is contrary to the case of copper [14] wherein a 
decrease in reflectivity as a function of deposition time was observed.  The cause of this 
discrepancy is likely the due to difference between the PC’s lattice parameters used in 
Ref. [14] and in this work.  Buso et al. [22] observed a peak enhancement of the stopband 
intensity at the mid point tuning of their CdS coating thickness, suggesting the 
combination of effective refractive index and fill fraction at that thickness resulted in the 
optimum stopband performance.   
 
Figure 6.7.  Cross sectional SEM of a silver coated PC that reveals the penetration of the 
silver deposition within the PC microstructure. The image was taken at an incidence 
angle of 45o relative to the fracture surface.  
 
In order to investigate the morphology of the silver coating and the penetration of 
into the PC structure, samples were fractured and used to obtain cross sectional SEM 
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images, an example of a 3.5 minute plated PC is shown in Figure 6.7.  Silver islands 
appeared to decorate the surfaces with a relatively uniform coverage density within the 
entire structure; however the coverage in this case is relatively sparse.  These results 
suggested initial Sn2+ ion coverage and the Ag seed density was insufficient to produce 
continuous coating.  Another observation was that the average deposition at the top 
surface of the PCs was smaller than on the sides and interior.  This is likely a result of the 
hydrogen peroxide treatment where the outer surface of the PCs and which most likely 
undergoes more oxidation of Sn2+ catalyst, reducing the density of silver seeds.  The 
combination of the Sn2+ in-diffusion, peroxide treatment to oxidize Sn2+ on the substrate 
surface, and the use of a proprietary electroless silver coating solution made the 
optimization of the silver metallization chemistry difficult, using this combination of 
methods. As a result, we investigated the use of Method 2 described above which uses 
surface modification to both put coordinating amine groups on the polymer surface to 
enable silver seed formation and trimethylsilyl groups on the substrate to avoid silver 
seeding on the substrate, as well as a better defined chemically controlled silver reductive 
growth solution. 
 
6.3.2  Metallization via Surface Modification 
Silver seeding applied to PCs exhibited low conductivity, resulting in poor quality 
SEM images.  While gold sputtering of the samples resulted in higher quality images, the 
contribution from the sputter coating is difficult to distinguish from the seeding itself.  
Therefore, electroless plating was applied to deposit additional silver onto the seeding 
sites to afford better quality images and distinction from the sputter coating.  For these 
initial studies, the ethylenediamine modification was used for more rapid analyses.  PC 
lattice parameter was reduced to 1.6 µm line spacings both to push initial stopband 
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positions to the telecommunications range (~1.4 µm) and to ensure the developed 
methodology is applicable to the micron-scaled pores. 
6.3.2.1  Effect of Electroless Deposition Conditions on Spectral Modifications 
While electroless plating solution with silver nitrate and hydroquinone resulted in 
highly selective deposition and no reaction was observed without the presence of seed 
particles, SEM images of the coating applied to the PCs indicated a large distribution of 
particle sizes (~10 – 180 nm) (Figure 6.8, left):   
  
Figure 6.8.  SEM images of PCs plated with silver nitrate and hydroquinone only (left), 
and plated with the addition of sodium citrate (right). 
 
The deposition morphology with the addition of sodium citrate resulted in smaller 
and narrower size distribution of silver nanocoatings (~20 – 80 nm) as shown in Figure 
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6.8 (right), indicating the presence of citrate was effective in mediating the deposition 
kinetics.  The incorporation of sodium citrate, however, resulted in in situ nanoparticles 
formation without the presence of seeds.  This undesired side process was minimized by 
reducing the reactant concentrations to 1.33 mM AgNO3, 3.33 mM sodium citrate and 
0.33 mM hydroquinone, and by terminating the plating reaction prior to observable 
nanoparticles formation at ~ 6 minutes.  The effect of silver deposition on the PCs’ 
optical properties was monitored after each processing step and the resultant infrared 




Figure 6.9.  Infrared spectra of PCs and various degree of metallization in the near 
infrared (top) and mid infrared (bottom) from initial silver seeded PC to 2, 4, and 6 
plating cycles. 
 
Reflection spectra in the near infrared (Figure 6.9 top) indicated red-shifted stopband 
position upon the first 2 cycles of coating (from 1.45 to 1.60 µm), along with minimal 
changes to the mid infrared spectral range (Figure 6.9 bottom).  The mid infrared 
reflectance showed rapid broadband enhancements between 2 and 4 cycles of coating, 
similar to the induction period observed in the coating of the optical flats (Figure 6.4).  
The difference between MPCs and optical flats is the formation of a step-like change to 
the reflectance, as demonstrated by the 6 cycles coated MPC at 1.75 µm.  This step has 
been termed plasmonic band edge by Tal et al [14].  Whereas their reported plasmonic 
band edge was located at ~3.5 µm, the difference between their initial polymer stopband 
position (~4.3 µm) and ours (1.45 µm) led to our observation of this lattice-dependent 
plasmonic band edge at much shorter wavelength.  Perfect MPCs behave like a plasmonic 
bandgap above this band edge, where broadband high reflectivities are expected as with 
bulk metals.  The presence of organic impurities and the coating morphology (Figure 
6.10) is likely the cause of lower reflectivities [14].   
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Figure 6.10.  SEM images of the MPC, overview (left) and close up (right). 
 
The deposited coating appeared to be granular in nature with a thickness ~ 140 
nm, corresponding to approximately 23 nm per plating cycle.  The extensive processing 
(each plating cycle involved 3× rinsing) led to deformations to the top most layers of the 
MPCs.  This deformation to the MPC lattice could potentially alter the sharpness of the 
plasmonic band edge transition and the transmission below the band edge. 
6.3.2.2  Effect of Surface Functionalization on Electroless Deposition 
One approach to reduce the labor intensive processing necessary to achieve higher 
reflectivities is to improve the seeding coverage on the polymer surface such that less 
deposition is needed to fuse neighboring particles [23].  While the ethylenediamine 
modification can produce at most a 1:1 conversion of surface acrylates to amines, the 
amplification process (3.5 cycles) could potentially generate up to 2000 amines per 
acrylate.   
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Figure 6.11.  SEM images of PCs with surface modification using ethylenediamine (left) 
and 3.5× cycles of amplification (right).  Samples were subjected to 3 cycles of 
electroless plating. 
 
The difference in coating morphology resulting from the two different 
modification methods is demonstrated by SEM images in Figure 6.11.  Ethylenediamine 
modified PC (Figure 6.11 left) resulted in lower degree of coverage than the amplified 
samples, the polymer surface on the top horizontal feature is still visible after 3 cycles of 
plating whereas the surface is completely covered in the amplified case.  These results 
suggested the amplification process could potentially lead to a thinner continuous coating 
for localized plasmon resonance applications.  Inhomogeneity in the coverage as a 
function of depths into the PCs was also evident from the SEM images, especially in the 
amplified sample where the surface coverage was significantly higher on the top layer 
(horizontal feature in the top half of the images) than the inner layers (vertical feature on 
the left).  The results suggest several possible causes: 1) the mixing during electroless 
plating was insufficient, if reactants were unable to infiltrate into the pores of the PCs, the 
plating would be limited to the surface layers, or 2) the initial seeding was inefficient, 
reducing the number of nucleation sites for the electroless plating, or 3) the reaction rate 
was fast and the outermost surface of the PCs deplete a majority of the reactants as the 
solvent flow into the pores.  
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6.3.2.3  Improved Reactant Penetration with Infusion 
 Several mixing techniques were investigated in attempt to deliver the maximum 
amount of reactants into the interior of the PCs, from the initial stir bar mixing at 1200 
rpm to vertical dipping (as in opal infiltration methods) to convection spinning [24], 
however all resulted in similar surface coverage and infrared spectra.  Syringe pump 
infusion was found to be the most efficient when a flexible Teflon tubing was brought to 
close proximity (~100 µm) of the PCs at near normal angle.  An additional benefit of this 
method was the hydrophobicity of the polymer PCs could be overcame by the directed 
flow, allowing the use of aqueous solutions for more favorable reduction chemistry. 
In situ monitoring of seeding reaction under transmission optical microscope 
revealed an almost instantaneous color change of the sample from colorless to a 
brownish-yellow tint, indicating deposition of silver.  This color change was completed 
within 15 seconds, after which no alteration was observed, indicating the amine sites 
have been saturated with silver.  The infrared reflection spectra and the corresponding 




Figure 6.12.  SEM image of a PC subjected to 2 cycles of silver nitrate and sodium 
borohydride with syringe pump infusion (2.5 minutes for each infusion) (top) and the 
infrared reflection spectra before and after the metal deposition (bottom). 
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Granular deposits at the top layer were evident from the SEM image, indicating 
the infusion time could be reduced.  The reflection spectrum of this seeded PC exhibit 
similar intensities to samples prepared with 6 cycles of electroless plating using the 
previous conditions (Figure 6.9), indicating this method is significantly more effective in 
creating MPCs.   
 
6.4  Conclusion 
Photonic crystals with varying silver coating morphologies were achieved using 
two different deposition methodologies.  Swelling-induced tin ion trapping in conjunction 
with commercial plating solution resulted in formation of sparse silver islands that exhibit 
wavelength-selective enhancement of up to 1.8× to photonic stopbands.  Amine surface 
modification with silver nitrate seeding and subsequent electroless plating resulted in 
formation of highly silver coated photonic crystals that exhibit plasmonic band edge at 
1.75 µm, even with the limited reactant penetration depth of ~3 layers.  This result also 
suggests photonic crystals with fewer layers are needed to observe this plasmonic band 
edge.  Investigation into the processing revealed traditional solution mixing methods 
were insufficient in delivering reactants into the hydrophobic micro-scaled pores of the 
polymer photonic crystals.  Syringe pump infusion revealed rapid introduction of 
reactants and reaction under transmission imaging.  This method produced MPCs that 
exhibited similar infrared reflectivity in less than 10 minutes of processing compared to 
hours with the previous methods.  The reduced processing time also reduced 
deformations to the structures.   
 Further development into using syringe pump infusion with other processing 
steps, for example the amplification reactions and electroless plating could lead to 
improved morphologies of conformally coated metal photonic crystals with well-defined 
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plasmonic band edge to control infrared emission or transmission.  Characterization of 
the samples under transmission electron microscope would provide additional 
information of the surface coverage when the metal coating at the seeding stage, 
eliminating the need for sputter coating or electroless plating needed for SEM.  
Substitution of the electroless plating with the binding of nanoparticles, with well-defined 
size and shape, could simplify the characterization process by removing the diffusion and 
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7.1  Introduction 
Multiphoton photolithography (MPL) has proven to be versatile technique for 
rapid prototyping of microstructures [1].  Feature sizes ranging from tens of nanometers 
to microns could be produced using a focused femtosecond laser source to induce 
photocrosslinking or photodissociation in a small volume inside a photoresist or resin [2-
5].  One inherent property of multiphoton excitation is that it provides the unique 
capability of a finite Z resolution whereby any random 3D pattern can be fabricated in 
one step as supposed to the layer-by-layer approach utilized in conventional UV 
photolithography.   
MPL has been used to fabricate photonic crystals (PCs) that have various lattice 
parameters which gives rise to photonic stopbands ranging from the visible to infrared 
spectrum [6, 7].  One major task of the research of MPL is to achieve a complete 
photonic bandgap, calculations revealed a refractive index of ~ 2.5-2.7 is necessary for 
complete bandgap with woodpile type PCs [8, 9].  However, a majority of the published 
works have been based on acrylates or epoxys as the starting materials give the relatively 
low refractive index (~ 1.5 – 1.6), preventing the observation of complete bandgaps.  
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There have been several reports in literature using higher refractive index 
materials, such as organic-inorganic oxide complexes [10, 11] or Chalcogenide glasses 
such as As2S3 (n = 2.45) [9].  The changes in the materials chemistries, however, have led 
to reductions in structural qualities and aberrations.  An alternative approach that 
preserves the fabrication methodology is infiltration of the low refractive index template 
with high index semiconductors or metal oxides.  These processes have been widely 
explored in the fabrication of inverse opal PCs, for example titania (TiO2, n = 2.2-2.7) 
infiltration by atomic layer deposition (ALD) [12], selenium (n = 2.5) by melt processing 
at 275ºC [13], cadmium selenide (n = 2.5) by electroplating [14], amorphous silicon (n = 
3.5) by chemical vapor deposition (CVD) [15].  Most of these processes require high 
temperature processing conditions that are not compatible with the thermal stability of 
polymers and none are selective to the structure only.  A few of these techniques have 
been adopted for polymer PCs fabricated, such as backfilling with liquid-phase titania 
[16], and surfacing coating with gas-phase titania ALD [17] or silicon CVD on silica 
inverted PC [18] techniques.  Although these processes were able to generate higher 
index structures, the alteration to the structure design, non selective blanket coverage, the 
complex and extensive processing hinders their applicability.  
Titania is an attractive material for increasing the refractive index of PCs due to 
its processibility as a sol-gel material.  Titania possess different refractive indices 
depending on their phase, amorphous sol-gel derived coating exhibits n ~2.0 - 2.2 [19], 
anatase n = 2.5 [20], and rutile n = 2.45-2.71 at 1.5 µm [21].  The lower refractive index 
amorphous or anatase phases can be converted to rutile by high temperature treatment.  
Bisawa et al. [22] performed simulation on titania (n = 2.7) coated polyurethane (n = 1.5) 
woodpile PCs and determined enhancements to stopband intensities and complete 
photonic bandgap is achievable from the coated structures.  Buso et al. [23] have recently 
demonstrated the effect of high index cadmium sulfide coating (n = 2.3) on low index 
PCs.  Although the refractive index and the quality of the coating was insufficient to 
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produce a complete bandgap, a 17% enhancement of the original stopband intensity was 
observed, accompanied by red-shifted stopband positions. 
This chapter focuses on the conformal coating using titania, with emphasis on its 
optical effect on PCs fabricated using MPL.  A wet chemical, surface sol-gel approach 
was employed to apply a shape-preserving, conformal titania coating onto polymeric PCs 
fabricated from typical acrylate monomers.  This titania coating was doped with tin 
oxide, which has been demonstrated to induce rutile titania formation at much lower 
sintering temperatures (450ºC vs 900ºC without dopant) [24], to improve processing 
compatibility with the PC templates.  A variety of lattice parameters for the PCs were 
explored to position the photonic stopband at various wavelengths to investigate the 
effect of the increased refractive index due to the titania coating.  Comparison of the 
infrared spectra collected prior to and after coating reveals the expected red-shifts due to 
increased refractive index.  High temperature sintering of the titania coated PCs resulted 
in removal of the polymer template and the titania shell retained good structural quality 
with the presence of a stopband.  
 
7.2  Experiment 
Photosensitive resin was comprised of a 1:1 ratio of triacrylate monomers SR9008 
and SR368 (Sartomer).  The inhibitor (4-methoxyphenol, Aldrich, 99%) level in the resin 
was raised by 0.1 % of the total resin weight to prevent thermal crosslinking during 
sample preparation.  The mixture was heated to 50ºC while stirring to obtain a clear 
liquid.  E,E-1,4-bis[4-(N,N-di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB) 
(Figure 7.1) had been shown to be extremely effective [25] as a multiphoton radical 
initiator and was employed at 0.1 wt% relative to the resin matrix.   
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Figure 7.1. Molecular structure of photoinitiator DABSB. 
 
The resin was injected into a fluid cell, formed by the microscope slide substrate 
and a #0 coverslip, separated by a 100 µm thick Teflon spacer (Aldrich).  Glass 
microscope slides were cleaned with acetone (Aldrich, spectrophotometric grade), treated 
with 10 vol% 3-(trimethoxysilyl)propyl methacrylate (Aldrich, 98%) in ethanol (Aldrich, 
200 proof, anhydrous, 99.5%) and then baked on a hot plate at 130°C for three cycles to 
promote the adhesion of acrylic structures to the substrate.  Post fabrication development 
was carried out using methyl isobutyl ketone (Aldrich, spectrophotometric grade) to 
dissolve and remove unexposed material. 
The instrumentation, design and fabrication of microstructures have been 
described in detail in an chapter 2.  For this study, PC lattice parameters were varied with 
line (xy) spacing from 2 to 4 µm and layer (z) spacing from 0.8 to 1.1 µm to produce a 
range of stopband positions for investigation of the effect from the applied titania coating.    
Two approaches were applied to achieve titania coating on the fabricated 
polymeric PCs.  In the first approach, the sol-gel processing for titania coating was 
performed by Dr Yunnan Fang in Dr Ken Sandhage’s laboratory.  Samples were 
incubated alternatively with 5 wt% of tris(2-aminoethyl)amine (Fluka, 98%) and 5 wt% 
of dipentaerythritol penta-/hexa-acrylate (Sigma Aldrich) for four cycles to amplify the 
number of surface function groups via Michael addition [26].  Samples were then 
subjected to 60 cycles of TiO2/SnO2 deposition by surface sol-gel process using an 






wt% of tin (IV) isopropoxide (Chemat Technology, 98%) as the precursor [24].  An 
illustration is shown below in Figure 7.2. 
 
Figure 7.2.  Illustration of titania deposition on the acrylate PC. 
 
For the alternative, modified approach, the PC samples were treated with an 
amine-terminated polyacrylic acid (Mn=2,400) (Polymer Source) in ethanol to generate 
negative charges on the polymer surface.  Protamine sulfate (Sigma-Aldrich) in a sodium 
phosphate buffer (pH 7.5) containing 5 vol% ethanol was then applied to electrostatically 
bind protamine onto the sample surface.  Finally, a sodium phosphate buffer solution (5 
vol% ethanol) of titanium(IV) bis(ammonium lactato) dihydroxide (Alfa Aesar) and a 20 
mol% Na2SnO3 (Alfa Aesar) was applied to the protamine coated structures to form the 
titania shell.   
Infrared reflection spectra of the stopband of PCs were collected using a Fourier-
transformed infrared microscope spectrometer (Agilent, FTS7000-UMA600) before and 
after the titania deposition.  PCs were measured with a 15× Cassegrain objective, 80 × 80 
µm2 aperture, and a gold mirror as the background.  PC structures and titania coatings 
were analyzed with a field emission scanning electron microscope (LEO/Zeiss Electron 
Microscopy, 1530 FE SEM).  Cross sectional views were acquired by focused ion beam 
etching (FEI, Nova Nanolab 200).  
 
7.3  Results and Discussion 
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7.3.1  Coating Processing Optimization 
MPL dosing studies were first performed to determine the polymer rod feature 
size required to generate high quality PCs across the range of lattice parameters (line (xy) 
spacing from 2 to 4 µm and layer (z) spacing from 0.8 to 1.1 µm).  Rod a width of 600 
nm was used to build PCs discussed in this section.  The titania conformal coating 
process produced ~ 1 nm per coating cycle.  The range of lattice parameters used for the 
PCs created a wide range of variability in the quality of the final coated structures.  The 
SEM images indicated structures with largest layer spacing experienced the most 
distortion at the surface, due to lower degree of overlap between layers and hence less 
mechanical stability during solution processing.  PCs with smaller line spacing were less 
resolved due to smaller openings for solvent to transport reactants in and out, for example 
the 2 µm line spacing PC in Figure 7.3.  The best quality coated PCs has line spacing of 4 




Figure 7.3.  Titania coated PCs with lattice parameters of 2.0 µm (top) 4.0 µm (bottom) 




Figure 7.4.  Infrared reflection spectra of a PC before and after titania coating (60 nm 
thickness). 
 
Initial infrared reflection results indicated the expected red-shift of the photonic 
stopbands due to the increased refractive index from the deposited titania [23].  Varying 
degrees of red-shifts were observed (from 200 to 600 nm) for the various PC lattices, a 
set of representative spectra is shown in Figure 7.4.  A trend of larger shifts 
corresponding to larger layer spacings within each set of line spacings.  The presence of 
material absorption bands (OH, CH and C=O) created some ambiguities in determining 
the exact location of some stopbands.  Distortions to the PCs during the coating process 
and the incomplete removal of reactive species due to this distortion may also alter the 
actual stopband positions and intensities.  Tabulated results on the stopband positions and 
the reflectance with respect to the lattice parameters are shown in Table 7.1. 
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Table 7.1.  Stopband positions measured for various lattice parameters before (BC) and 
after coating (AC), all units in µm.   
Line Spacing Layer Spacing Position (BC) Position (AC) Shift (AC-BC) 
2 0.8 3.198 3.661 0.463 
2 0.9 3.879 4.256 0.377 
2 1 4.11 4.616 0.506 
2 1.1 4.605 5.004 0.399 
2.5 0.8 3.308 3.67 0.362 
2.5 0.9 3.972 4.348 0.376 
2.5 1 4.09 4.69 0.6 
2.5 1.1 4.585 4.96 0.375 
3 0.9 3.86 4.078 0.218 
3 1 4.256 4.53 0.274 
3 1.1 4.506 4.751 0.245 
4 0.8 3.154 3.309 0.155 
4 0.9 3.719 4.017 0.298 
4 1 4.062 4.684 0.622 
4 1.1 4.382 4.983 0.601 
 
 
In order to further increase the refractive index of the titania coating, a high 
temperature treatment at 450°C was applied to convert the titania from amorphous to 
rutile phase [24].  At these high temperatures however, both the volatilization of the 
polymer template and the reduction in the coating volume led to large distortion to the 
lattice as shown in the SEM image in Figure 7.5. 
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Figure 7.5.  SEM of titania shell after polymer PC template removal. 
 
Although the long range periodicity was lost and the structure delaminated from 
the substrate, SEM analysis revealed several microdomains that retained local periodicity 
in these post-sintered PC titania shell (Figure 7.5).  This result indicated the coating 
process was successfully applied to the polymeric template, however the feature size and 
lattice parameters need to be scaled down to minimize the amount of volatile organics 
and improve mechanical rigidity of the titania shell.  
 
7.3.2  PC Lattice Optimization 
Modified PC with scale-downed lattice and feature sizes resulted in polymeric 
templates with better structural rigidity while retaining large openings for reactant 
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indiffusion.  Top view and fractured cross section SEM of a PC with 2.8 µm line spacing 


















Figure 7.6.  SEM of the coating process from the initial polymer template (a) and a 
fractured cross section view (inset), with 7 cycles of titania coating (b), with an additional 
7 cycles (14 total) of coating (c), and the titania shell with the polymer template removed 
(d) and the FIB milled cross section (inset). 
 
The modified, electrostatic, coating process was adopted to increase the titania 
deposition per sol-gel cycle (~10× the previous method).  Rod width analysis of the SEM 
images indicated an average of 8 nm thick titania shell was applied for each cycle of 
coating.  When the coating thickness is low, as in the 7 cycle-coated structure, the coating 
appeared smooth and continuous (Figure 7.6b).  In the case of thicker coating (14 cycles), 
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cracks along the connection points within the PC became apparent (Figure 7.6c).  The 
template removal process led to densification of the titania shell, resulting in a final shell 
thickness of 80 nm.  While the gap distance in the cracks became more severe as the 
titania shell structure shrank (as shown in Figure 7.6d), the overall structure remained 
intact as observed in the FIB etched cross section (inset).  This result is markedly 
improved from the previous experiments. 
 
7.3.3  Optical Characterization of Improved Titania Coated PCs 
Infrared spectra (Figure 7.7) were acquired at each step of the coating process to 
monitor the evolution of the optical properties.  The polymer template exhibit stopband at 
shorter wavelengths than the last set of results due to the reduced polymer fill fraction.  A 
systematic shift of the original stopband positions was observed, as demonstrated by the 
feature originating from 2.0 µm in the polymeric template (Figure 7.7a).  This stopband 
shifted to 2.03 µm with 7 coating cycles (Figure 7.7b) and to 2.07 µm with 14 cycles 
(Figure 7.7c).  This red-shift is consistent with the increased coating index associated 
with the additional titania deposition, as observed by Buso in apply cadmium sulfide 
coatings on polymer templates [23].  Although the high-temperature treated structure 
showed cracks and shrinkage, a high degree of periodicity was retained and the resultant 
stopband was observed at 1.97 µm (Figure 7.7d).  This stopband shift in the reverse 
direction was resulted from a combination of the reduction of refractive index (due to the 
removal of polymeric core) and the shrinkage of the PC (due to the conversion from 















Figure 7.7.  Infrared reflection spectra of the coating process from the initial polymer 
template (a), with 7 cycles of titania coating (b), with an additional 7 cycles (14 total) of 
coating (c), and the titania shell with the polymer template removed (d). 
 
Band structure calculations were performed using the lattice parameters obtained 
through cross section images (Figure 7.6 (a, inset)) as the basis (RSoft, BandSOLVE).  A 
series of increasing material index was used to simulate the stopband position and gap 
size while maintaining the overall size of the features.  Whereas no complete bandgap 
was evident at the maximum achievable index of 2.5 for titania, the width of the stopband 
increases with increasing index, as shown in Figure 7.8, suggesting enhanced stopband 
performance could be expected even with moderate coating thicknesses. 
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Figure 7.8.  Simulation result showing decreasing stopband frequencies (red shifting 
wavelengths) with increased refractive index while lattice parameters and feature 
dimensions remained fixed. 
 
 The simulation also indicated the stopband observed at 2 µm is a higher order 
band and not fundamental stopband.  The calculated stopband position was closer to the 4 
µm feature in the infrared spectra, which also red-shifted with increasing coating 
thickness accompanied by a modest stopband enhancement (~5% vs Gold).   
 
7.4  Conclusion 
This surface sol-gel method had been demonstrated as a viable method to produce 
shape preserving replicas of the original polymeric template.  The combination of PCs 
fabricated by MPL and this surface sol-gel method resulted in systematic increase in 
refractive index which led to red-shifting of the photonic stopband and higher order 
bands.  Modification of the PC lattice parameters and the improved coating chemistry 
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resulted in marked improvement to the final titania shell structures.  Additional 
simulation and tuning the fundamental stopband position into the near infrared region is 
needed to place the resultant stopband in the infrared region for telecommunication 
applications.  Further reduction of the feature size, achievable via visible MPL [3] or 
STED-based MPL [6], and thicker titania coating will result in higher titania to polymer 
ratio, which will further improve the mechanical stability of the titania shell due to less 
organics removal during the sintering process. 
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8.1  Introduction 
Nature provides impressive examples of organisms capable of forming organic 
and inorganic structures with intricate and controlled three-dimensional (3-D) 
hierarchical (nanoscale-to-macroscale) morphologies [1-6].  Among the most versatile of 
structure-forming organisms are diatoms, a type of aquatic single-celled algae [7-11].  
Each diatom species forms a silica-bearing microshell (frustule) with a particular 3-D 
shape and with specific patterns of fine features (pores, ridges, channels, protuberances, 
etc.) [7-11].  Owing to the species-specific nature of diatom silica structure formation, a 
wide variety of 3-D silica morphologies can be found among the estimated 104-105 extant 
diatom species [7-11].  The sustained reproduction (repeated doubling) of a given species 
of diatom can yield enormous numbers of daughter diatoms with similarly-shaped 
frustules (e.g., 80 reproduction cycles corresponds to 280 ~ 1.2x1024 ~ twice Avogadro’s 
number of frustule copies).  Such massively-parallel, direct, and precise (genetically-
controlled) self-assembly of structures with a wide selection of 3-D nano-to-microscale 
morphologies has no analogue among synthetic self-assembly processes [12].  
Furthermore, the silica-based composition of diatom frustules can be altered via several 
shape-preserving approaches (e.g., by gas/silica displacement reactions [13-17], 
conformal coating [18-28], or combined coating and reaction methods [29-36]) to allow 
for a broader range of applications. 
 Certain centric diatom frustules possess organized distributions of 102-103 nm 
diameter pores, which has led to interest in the optical properties of these structures [37-
41].  For example, the valves of Coscinodiscus wailesii diatoms have been found to 
exhibit wavelength selective optical transmission and optical diffraction, which have 
been attributed to a quasi-regular hexagonal pattern of pores on these valves [40].  This 
quasi-regular pore array has also enabled C. wailesii valves to act as micro-lenses; that is, 
red laser light of 100 µm diameter transmitted through these valves could be focused to a 
diameter of <10 µm [37, 38].  The girdle band of C. granii diatoms, which possesses a 
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square array of pores, has been reported to guide blue-green light [39].  The hexagonal 
pore pattern on Melosira varians frustules has been correlated to relatively strong 
apparent absorption of blue light by these frustules [41].   
In this paper, we have utilized a scalable, conformal, wet chemical coating 
process to generate freestanding (silica-free) gold structures with intricate 3-D 
morphologies inherited from diatom frustules.  We demonstrate, for the first time, that 
freestanding (silica-free) nanocrystalline gold structures with diatom-derived quasi-
periodic subwavelength pore arrays can exhibit surface plasmon-mediated enhanced 
infrared transmission.  Such enhanced IR transmission is a result of both the diatom-
derived pore structure and the gold chemistry.   
8.2  Experiment 
8.2.1  Diatom Culturing  
A Coscinodiscus asteromphalus (CA) diatom strain (CCMP1814) was obtained 
from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton 
(Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, ME, USA).  The C. 
asteromphalus culture was grown in NEPC medium [42] at 18oC under continuous 
illumination (~5700+1100 lux) from cool white fluorescent bulbs for 3 weeks.  The 
cultured diatom cells were harvested with the aid of a flow-through centrifuge operating 
at 18,180 g (Sorvall Evolution RC, Kendro Lab Products, Asheville, NC, USA).  The 
resulting pellets containing a small amount of growth medium were then transferred to 50 
ml Falcon tubes and further centrifuged for 5 min at 4,500 g (5804R centrifuge, 
Eppendorf North America, Hauppauge, NY, USA).  The pellets were then refluxed with 
8 M nitric acid at 100°C for 1 h to remove organic material.  The frustules were then 
washed repeatedly with de-ionized water until the natant water became neutral in pH.  
The frustules were then dried at 60°C for >10 h. 
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8.2.2  Surface Amine Enrichment  
Amine groups were introduced to the surfaces of Aulacoseira sp. and C. 
asteromphalus diatom frustules and glass slides (pre-cleaned micro slides, Catalogue No. 
3010, Gold Seal Products, Portsmouth, NH, USA) via an aminosilanization treatment 
consisting of refluxing overnight in an aqueous solution containing 10 wt% 3-[2-(2-
aminoethylamino) ethylamino]propyl-trimethoxysilane (Sigma-Aldrich, St. Louis, MO, 
USA) and 3.5 wt% concentrated NH4OH (30% NH3 in water, Fischer Scientific, 
Pittsburgh, PA, USA).  The aminosilanized frustules and glass slides were then washed 
with de-ionized water, followed by washing with anhydrous ethanol.  For some of the 
specimens, a dendritic polyacrylate/polyamine amplification treatment was used to 
amplify the amine groups on the template surfaces [44-45].  Aminosilanized specimens 
were first exposed to a solution of 50 wt% dipentaerythritol penta-/hexa-acrylate 
(DPEPHA, Sigma-Aldrich) in ethanol on a rotator (30 rpm, Tube Rotator, VWR 
International, Suwanee, GA, USA) for 1 h at room temperature.  This exposure was then 
followed by washing the specimens with anhydrous ethanol to remove unbound 
DPEPHA.  The specimens were then exposed to a solution of 50 wt% tris(2-
aminoethyl)amine (TAEA, Sigma-Aldrich) in ethanol on the rotator (30 rpm) for 1 h at 
room temperature, followed by rinsing with anhydrous ethanol to remove unbound 
TAEA.  The process of alternating exposure to a DPEPHA solution and TAEA solution 
was repeated four times (for a total of five cycles). 
8.2.3  Electroless Gold Deposition and Selective Silica Dissolution 
Amine-enriched diatom frustules and glass slides were incubated with a solution 
of 5 wt% chloroauric acid (HAuCl4, Sigma-Aldrich) in 60 vol% ethanol overnight at 
room temperature on the rotator (30 rpm).  After rinsing four times with a 60 vol% 
ethanol solution, the diatom frustules and glass slides were incubated with a solution of 
0.16 M sodium borohydride (NaBH4, Alfa Aesar, Ward Hill, MA, USA) in 60 vol% 
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ethanol at room temperature at 300 rpm (Thermomixer R, Eppendorf North America) for 
10 min.  After rinsing four times with de-ionized water, the templates were immersed in a 
commercial electroless gold solution (Bright Electroless Gold, Transene Company, Inc., 
Danvers, MA, USA) that had been diluted by 50% in an aqueous 60 vol% ethanol 
solution.  A solution of 0.16 M NaBH4 in 60 vol% ethanol was then introduced and the 
mixture was stirred for 3 min at 300 rpm (Thermomixer R) at room temperature.  After 
rinsing four times with de-ionized water and once with anhydrous methanol, the gold-
coated specimens were dried at 60ºC for >10 h.  Selective dissolution of the underlying 
silica from the gold-coated frustules was conducted by immersing the coated frustules in 
a 5 wt% aqueous HF solution overnight with shaking (500 rpm) at room temperature.  
The resulting freestanding gold structures were washed with DI water and then with 
anhydrous methanol, followed by drying in a 60°C oven overnight. 
8.2.4  Patterning of Pores in Flat Gold Films  
  A dual beam, focused ion beam (FIB) instrument (Nova Nanolab 200, FEI 
Company, Hillsboro, OR, USA) was used to obtain cross-sections of the freestanding 
diatom-derived gold structures and to generate pore patterns within planar gold films on 
glass slides.  In the latter case, periodic and aperiodic pore patterns were imported into 
the FIB operating system to allow for the selective milling of such patterned pore arrays 
into the gold films.  Such FIB patterning was conducted using a gallium ion energy of 30 
KeV, a beam current of 0.1 nA, an incident angle of 0o, a dwell time of 100 µs, and a 
beam overlap of 50%.     
8.2.5  Structural and Chemical Characterization 
  Scanning electron microscopy was conducted with a field emission scanning 
electron microscope (Leo 1530 FEG SEM, Carl Zeiss SMT Ltd., Cambridge, UK) 
equipped with an energy dispersive x-ray spectrometer (INCA EDS, Oxford Instruments, 
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Bucks, UK).  Cross-sections of the freestanding frustule-shaped metallic structures were 
obtained using the FIB instrument.  X-ray diffraction analyses (X-Pert Pro Alpha 1 
diffractometer, PANalytical, Almelo, The Netherlands) were conducted with Cu Kα 
radiation with an incident beam Johannsen monochromator and an Xcelerator linear 
detector.  X-ray photoelectron spectroscopy (SSX-100, Surface Physics, Inc., Bend, OR, 
USA) was conducted at a base pressure of 3×10-7 Pa using an Al Kα source (1486.6 eV) 
and step sizes of 0.1 eV.   
8.2.6  Optical Characterization  
Suspensions of the freestanding diatom-derived gold structures in ethanol were 
injected onto a glass slide (catalogue number 177399, Lab-Tek, Thermo Scientific, 
Portsmouth, NH, USA) and allowed to evaporate.  Near- and mid-infrared reflectance 
and transmittance spectra of the freestanding gold replica structures on the glass slide 
were obtained using a Fourier-transform infrared spectrometer coupled to a microscope 
(FTS7000-UMA600, Agilent and Thermo Nicolet IN10MX mid-infrared microscope) 
that utilized a Cassegrain objective lens with a numerical aperture of 0.5 (giving inner 
and outer angles of the annular ring of light of 14 and 30 degrees, respectively).   A 
variable aperture in the microscope was set to provide a field of view of 60 µm x 60 µm 
within a central region of the gold diatom replica structures.  The reflectance spectra were 
normalized relative to an evaporatively-deposited gold mirror coating on a glass slide.  
Transmittance spectra of samples on a glass substrate in air were normalized relative to 
an uncoated glass slide.  Transmittance and reflectance spectra were also measured for 
samples that had been infiltrated with, and coated on top by, an oil with a refractive index 
(Type A oil, refractive index = 1.5142 at 0.589 µm Cargille) matching that of the glass 
slide (1.523 at 0.589 µm), followed by capping with a cover slip (Gold Seal No. 0, 
Electron Microscopy Sciences, Hatfield, PA).   Transmission spectra of the index-
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matched samples were normalized to an assembly comprising a glass slide, a 15 µm thick 
layer of index-matching oil (defined by a 15 µm thick spacer), and a cover slip. 
8.3  Results and Discussions 
8.3.1.  Conformal Gold Coatings 
In order to coat 3-D diatom frustules with thin, conformal, continuous, and 
nanocrystalline gold films via electroless deposition, the relatively inert and non-
conductive silica surfaces of these structures needed to be modified.  Two surface 
functionalization approaches were examined.  For the first approach, pendant amino 
groups were introduced to the frustule surfaces via an aminosilanization treatment.  
Subsequent exposure of these surface amines to a chloroauric acid solution was used to 
bind Au(III) complexes to the frustules.  The surface-bound gold complexes were then 
reduced into elemental gold via reaction with sodium borohydride.  The resulting gold 
nanoparticles were then utilized as preferred heterogeneous nucleation sites upon 
exposure to a commercial electroless gold deposition solution.  For the second approach, 
a dendritic layer-by-layer process, involving sequential exposure to dipentaerythritol 
penta-/hexa-acrylate and tris(2-aminoethyl)amine [44, 45], was introduced after the 
aminosilanization treatment, in order to significantly enrich the amine concentration on 
the diatom silica surfaces, while keeping all other steps the same as for the first approach.  
Secondary electron (SE) images of Aulacoseira sp. diatom frustules before and after such 
surface functionalization and electroless gold deposition are shown in Figure 8.1.  (Note: 
Aulacoseira sp. frustules, available in large quantities as diatomaceous earth, were used 
to establish the desired functionalization and electroless deposition protocols before 
application of these methods to the cultured C. asteromphalus diatom frustules.)  
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Figure 8.1.  Secondary electron (SE) images of: a), b) a starting Aulacoseira sp. diatom 
frustule, c), d) a gold-coated Aulacoseira sp. diatom frustule prepared with the use of a 
surface functionalization treatment (involving aminosilanization) followed by electroless 
gold deposition, e), f) a gold-coated Aulacoseira sp. diatom frustule prepared with the use 
of an amine-amplifying surface functionalization protocol (involving aminosilanization 
and poly-acrylate/polyamine dendritic amine amplification), followed by electroless gold 
deposition, g), h) a freestanding (silica-free) gold structure retaining the overall 3-D 
morphology of an Aulacoseira sp. diatom frustule prepared via selective dissolution of 
the silica from a gold-coated frustule of the type shown in e) and f).  EDX analyses of: i) 
the gold-coated silica frustule shown in e) and f), and j) the freestanding gold structure 
shown in g) and h). 
 
These frustules possessed a cylindrical shape and contained rows of fine pores 
and narrow channels between intercalating fingerlike extensions (Figures 8.1a and b).  
Gold-coated surfaces of frustules that had been treated according to the first surface 
functionalization protocol are shown in Figures 8.1c and d, whereas gold-coated frustules 
surfaces that had been exposed to the second functionalization approach (involving 
dendritic amine amplification) are shown in Figures 8.1e and f.  The gold coating 
prepared without use of the dendritic amine amplification treatment consisted of 
relatively coarse agglomerates of particles that did not conform particularly well to 
frustule surfaces (Figures 8.1c and d).  Noticeable gaps were also observed in the gold 
coating.  The aminosilanization process alone appeared to yield a modest density of 
surface-bound amine groups onto which a correspondingly modest concentration of 
surface-bound gold(III) complexes could bind.  Reduction of these complexes then 
yielded relatively few dispersed gold particles that grew, upon subsequent electroless 
deposition, into relatively coarse particle agglomerates that impinged with reduced 
interconnectivity on frustule surfaces (Figures 8.1c, d).  However, the gold coating 
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formed on frustules that had been treated with the dendritic amine amplification process 
possessed significantly improved conformality and continuity (Figures 8.1e, f).  The 
surfaces of these latter coated frustules also exhibited a finer granular appearance than for 
the coated frustules that had not been exposed to the amine amplification process.  The 
enhanced population of gold(III) complexes that could bind to the amine-enriched 
frustule surfaces enabled the formation of a relatively high density of gold nanoparticles 
that could then grow and quickly impinge during subsequent electroless deposition, so as 
to yield a conformal and continuous coating (Figures 8.1e, f).  To produce freestanding 
gold structures, the underlying silica within these coated frustules was selectively 
removed by dissolution in a HF solution.  SE images of the resulting all-gold structures 
are shown in Figures 8.1g and h.  Energy dispersive X-ray (EDX) analyses before and 
after exposure to the HF solution (Figures 8.1i and j, respectively) confirmed the 
selective dissolution of the underlying silica.  (Note: while obvious cracks or gaps were 
not detected in SE images of gold-coated frustules of the type shown in Figures 8.1e and 
f, complete removal of the underlying silica by acid dissolution indicated that the gold 
coating was not hermetic.) Owing to the conformality and continuity of the gold coating, 
the freestanding (SiO2-free) gold structures retained the 3-D frustule shape and nanoscale 
features (pores, channels).   
The amine-enriched surface functionalization protocol and electroless deposition 
process were then applied to Coscinodiscus asteromphalus diatom frustules and planar 
glass substrates.  SE images of the starting CA frustules are shown in Figures 8.2a-c.   
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Figure 8.2.  SE images of: a)-c) a starting C. asteromphalus diatom frustule valve, and d)-
f) a gold-coated C. asteromphalus frustule valve.  g) EDX and h) XPS analyses of such 
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gold-coated frustules.   
 
The CA frustule valves were nearly circular in shape with a diameter of ~100 µm.  
The CA frustule valves also possessed characteristic radial rows of holes with an average 
diameter of 1.2 ± 0.2 µm distributed in an approximately hexagonal local (quasi-periodic) 
arrangement, with an average center-to-center nearest neighbor hole distance of 2.3 ± 0.3 
µm (where the ranges refer to ± one standard deviation about the average values).   Each 
of the holes was surrounded by an uplifted rim on one side of the frustule (Figure 8.2c).  
SE images of gold-coated CA frustules are shown in Figures 8.2d-f.  Comparison of the 
higher magnification SE images in Figures 8.2c and 2f confirmed the conformality of the 
coating; that is, although the coated surfaces exhibited a more granular, nanocrystalline 
appearance than for the starting frustules, gaps or cracks in the coating were not detected 
and the surface features of the CA valves (e.g., the uplifted rims surrounding the circular 
holes) were well preserved.  EDX analysis (Figure 8.2g), X-ray photoelectron 
spectroscopic (XPS) analysis (Figure 8.2h), and X-ray diffraction (XRD) analysis (Figure 
8.3a) confirmed the presence of appreciable elemental gold on the coated frustules.   
 177 
 
Figure 8.3.  X-ray diffraction (XRD) analyses of: a) gold-coated C. asteromphalus 
diatom frustules and b) a gold-coated planar glass substrate. 
 
The XPS analysis revealed the presence of peaks for gold but not for silicon (e.g., 
the Si 2p peak at 103 eV was absent), which indicated that the SiO2 frustule surfaces 
were completely coated.  Scherrer analysis of the gold diffraction peaks in Figure 8.3a 
yielded an average crystal size of 10.5 ± 0.2 nm.  Analyses of SE images yielded a mean 
apparent gold nanoparticle size of ~22 ± 7 nm, which indicated that the gold 
nanoparticles were, on the average, comprised of two or more nanocrystals.  A gold 
coating was also generated on a planar glass substrate, using the same process as for the 
CA diatoms (Figure 8.4).   
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Figure 8.4.  a), b) SE images and c) XPS analysis of a gold-coated planar glass substrate 
prepared in a similar manner as for the amine-amplified, gold-coated C. asteromphalus 
frustules.  d) Reflectance (solid line) and transmittance (dashed) spectra of the planar 
gold-coated glass substrate, relative to an evaporatively deposited gold film. 
 
The average thickness of the gold coating on this planar substrate was 84 ± 12 
nm.  The presence and absence of peaks for gold and silicon, respectively, in the XPS 
analysis (Figure 8.4d) confirmed the complete nature of the coating on the planar glass 
substrate.  Scherrer analysis of the XRD pattern obtained from this film (Figure 8.3b) and 
analyses of SE images of this coating yielded average gold crystallite and particle sizes of 
14.6 ± 0.2 nm and 53 ± 20 nm, respectively.  These values, like those for the CA diatom-
derived gold structures, were substantially smaller than the values of the mid- and near-
IR wavelengths used in subsequent optical analyses (i.e., such fine gold particles and 
crystals should result in minimal scattering of IR light). 
Selective dissolution of the underlying silica from the gold-coated CA frustules 
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yielded freestanding (hollow) gold structures that retained the overall 3-D morphology 
and fine features of the starting frustules.  Top-down and cross-sectional SE images (the 
latter obtained via focused ion beam, FIB, milling) and EDX analysis of such gold 
structures are shown in Figure 8.5.   
 
Figure 8.5.  SE images of: a)-c) a freestanding (silica-free) gold structure retaining the 
morphology of a C. asteromphalus diatom frustule valve, and d), e) ion-milled sections of 
such a freestanding gold structure.  f) EDX analysis of such a freestanding gold structure.   
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The absence of detectable Si and O peaks in the EDX pattern (Figure 8.5f) 
confirmed the removal of the underlying silica template.  The conformality and 
continuity of the gold coating enabled the freestanding gold structures to retain the 
overall 3-D frustule shape and finer features (such as the rims around the micron-sized 
holes, Figure 8.5c).  FIB cross-sections of a freestanding gold structure (Figures 8.5d and 
e) revealed the hollow nature of these structures that resulted from complete removal of 
the silica template.  The FIB cross-sections also revealed that the continuous gold coating 
possessed an average thickness of 95 ± 12 nm.   
8.3.2  IR Transmission/Reflection Properties 
Optical (transmission, reflection) images of a freestanding CA-derived gold 
structure, and the normalized infrared reflectance and transmission spectra obtained from 
this structure (after infiltration/coating with an index-matching oil), are shown in Figure 
8.6.  A reflection minimum (28%) and a transmission maximum (13%) were observed at 
wavelengths centered at ~4.1 µm and ~4.3 µm, respectively.  Such IR reflection 
minima/transmission maxima were observed in multiple CA-derived freestanding gold 
structures but were not observed for the starting (uncoated) CA frustules or for planar 
gold-coated glass substrates (Figure 8.4d), which indicated that these spectral features 
were a result of both the frustule-derived structure and the gold chemistry.   
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Figure 8.6.  a) Reflection and b) transmission optical images of a C. asteromphalus 
frustule-derived freestanding (silica free) gold structure.  c) Reflection (gray) and 
transmission (black) spectra of this freestanding gold structure (with the reflection and 
transmission data normalized relative to a planar gold film of the type shown in Figure 
8.4 and an uncoated planar glass substrate, respectively).  The freestanding CA-derived 
gold structure was placed on a glass slide, immersed in an index-matching oil, and 
capped with a cover slip.  The planar gold reference film (on a glass slide) was covered 
with the index-matching oil and capped with a cover slip.  The gap regions in the spectra 
in c) coincide with C-H stretching absorption bands of the oil at 3.3-3.6 µm.  Because the 
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glass substrate became strongly absorbing at ~5 µm, the transmission spectrum was 
truncated at > 5 µm. 
 
The presence of such transmission maxima/reflection minima for the CA-derived 
gold structures suggested that the patterned array of holes present on these structures 
were sufficiently ordered as to support the transmission of light at wavelengths greater 
than the hole diameter (i.e., transmitted light of ~4.3 µm wavelength, holes of 1.2 µm 
average diameter).  The transmission of light through metallic structures with patterned 
arrays of holes of subwavelength diameter, referred to as extraordinary optical 
transmission, has been reported for various metals and hole array patterns, including 
periodic, quasiperiodic, and aperiodic patterns [46-49].  
To allow for comparison with the transmission results from the gold diatom 
replicas, planar gold films were prepared with hole patterns of the following types: i) a 
CA hole pattern (i.e., the pore pattern observed in the replica in Figure 8.6), ii) a 
randomly perturbed CA hole pattern, iii) a periodic hexagonal hole pattern, and iv) a 
randomly perturbed hexagonal hole pattern.  The average center-to-center hole distance 
of 2.32 µm between nearest neighbours was used as the period of the hexagonal hole 
array.  The CA and hexagonal hole arrays were randomly perturbed by shifting each hole 
position in a random direction and by a random distance, the size of which was 
constrained to be less than the average hole-to-hole distance minus the hole diameter.  
Each of these hole patterns was generated by FIB milling of continuous, conformal, and 
nanocrystalline planar gold films of the type shown in Figures 8.4a and b (prepared by 
the amine-enriched surface functionalization and electroless deposition process).  SE 
images of the ion-milled gold films containing these patterned hole arrays are shown in 
Figures 8.7a-d.   
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Figure 8.7.  SEM images of planar gold films with various hole arrays fabricated by 
focused ion beam (FIB) milling: a) a hole pattern matching that of an actual quasi-
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periodic CA hole array (see Figure 8.6), b) a CA array pattern with random perturbations 
to hole positions, limited to the average spacing of the native hole array pattern, c) a 
periodic hexagonal hole array pattern with a hole spacing of 2320 nm, and d) a hexagonal 
hole array with random perturbations to hole positions.  e) Transmission spectra obtained 
from a gold replica of a native CA diatom frustule (solid black), a planar gold film (as 
shown in a)) with a quasi-periodic hole array pattern obtained from a native CA diatom 
frustule (dashed black), and a planar gold film (as shown in c)) with a periodic hexagonal 
hole array pattern (gray).    
 
The gold CA replica (Figures 8.6a and b), and the planar gold films with FIB-
generated hexagonal and CA hole arrays (Figures 8.7a and c, respectively), exhibited the 
normalized transmission spectra shown in Figure 8.7e.  All three types of gold structures 
exhibited a relatively strong long-wavelength transmission resonance, with the positions 
of these primary transmission peaks centered between 4.2 and 4.5 µm, although the 
planar gold films with the periodic hexagonal and quasi-periodic CA hole arrays 
exhibited stronger transmission resonances (51% at ~4.5 µm and 42% at ~4.2 µm, 
respectively) than did the gold replicas derived from CA diatoms (13% at ~4.3 µm).  
Interestingly, the Au CA replica, and the planar Au film containing the CA hole pattern, 
exhibited transmission maxima centered at nearly the same wavelength (~4.3 vs ~4.2 µm, 
respectively).   
8.3.3  Modeling of Hole Array Optical Properties 
In order to gain insight into the optical transmission properties of the gold CA 
replicas and the hole-patterned planar gold films, transmission spectra were calculated 
using a surface plasmon interference model reported by Pacifici, et al. [47].  This model 
treats the optical transmission through films with hole arrays as being due to the 
following fundamental processes: 1) optical excitation of surface plasmon polaritons 
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(SPP) by scattering from individual holes, 2) propagation of SPPs to other holes in the 
array, which causes a phase shift (ksppa, where kspp is the SPP wavevector and a is the 
distance between holes) relative to the incident light at the neighboring holes (leading to 
interference between the SPP launched from neighboring holes and the incident field at a 
given hole), 3) transmission of the total field at each hole from the top through the hole, 
4) launching and interference of SPPs from holes at the bottom surface, and 5) light 
emission by scattering of SPPs from holes on the bottom surface.  This calculation yields 
the normalized (per hole) transmission for a given hole array pattern.   
8.3.3.1  Calculation Of Normalized Transmission Spectra For Hole Array Structures 
We calculated the normalized transmission spectra of various hole array structures 
examined in this paper using a surface plasmon polariton (SPP) interference model [47].  
Two dimensional coordinates for the hole locations of the CA Au replica structures, CA 
patterned hole arrays and hexagonal hole arrays fabricated in planar Au films were used 
as inputs for the model calculations, along with the dielectric functions for the index 
matching oil, glass, and Au film.  It was necessary to modify the SPP interference model 
reported previously in two ways.  Firstly, we needed to be able to perform calculations on 
cases where the medium above and below the structure was air and glass, respectively, 
and thus of different dielectric functions, whereas the model of ref. 47 treated only the 
symmetrical case where the top and bottom media were the same.  Secondly, it was 
necessary to treat the non-normal incidence of the optical geometry of our measurement, 
i.e. a focused annular cone of light with an angular spread of 14o to 30o, as well as the 
unpolarized character of the optical excitation.  Eqs. 15 and 16 of ref. 10d for the H-field 
amplitude at the top and bottom surfaces of the given metal hole array, respectively, were 
modified to account for the asymmetrical arrangement of media on the top and bottom, 
by using different surface plasmon wavevectors calculated from the dielectric functions 
of air and Au for the top surface and glass and Au for the bottom surface.  For the cases 
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where the medium above and below the Au hole array structure were the same, the only 
modification to treatment of ref. 47, was to account for the inclination of the incident 
upolarized light.  The non-normal incidence, unpolarized excitation light was accounted 
for by using the following equation of for the total H-field at the top surface: 
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Where '00ββ  = 0.12 is the product of surface plasmon launch efficiencies for the 
top and bottom surfaces,  kSPP
top  is the surface plasmon polariton wavevector for the air-Au 
interface, 2/πϕ = is the surface plasmon launch phase shift, and φ∆ is the hole-to-hole 
phase shift for inclined incident light defined by ( ) ijman θλλ
πφ sin2=∆ , where iθ  is the 
angle of incidence, and the amplitude factor, ( ) ( ) ( )jmijm θθθ 222 coscossin + , represents the 
projection of the plane of polarization unto the air-Au interface to account for the 
unpolarized nature of the incident light.  The H-field at the bottom (Au-glass interface) is 
similar to that of the ref. 47 but uses an unit amplitude to represent unpolarized character 
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where N is the number of holes in the array. 
8.3.3.2  Modified Calculations to Account for Measurement Geometry 
This model has been modified to match the experimental optical geometry of the 
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present work, which involved a ring of unpolarized light focused on the sample with 
angles of incidence varying from 14 to 30 degrees.  The effect of this non-normal 
incidence was accommodated by introducing a phase shift of the form to account for the 
difference in optical path length for light reaching pairs of holes:  
  ( ) ijman θλλ
πφ sin2=∆   (4) 
 
where iθ  is the angle of incidence, λ  is the free space optical wavelength, and ( )λn  is 
the wavelength-dependent refractive index of the index-matching oil.  An amplitude 
factor was also included to account for the projection of the plane of polarization onto the 
surface of each hole array.  The calculated transmission spectra were averaged over the 
range of incidence angles (14 to 30 degrees).   
8.3.3.3  Comparison of Simulation and Experimental Data 
In order to evaluate the impact of the periodicity of the hole arrays on infrared 
transmission through the gold structures, the calculated and experimental transmission 
spectra were further normalized by taking the ratio of the transmission of a given hole 
array to that of a randomly perturbed version of the same array.  Such calculated 
normalized transmission spectra (per hole) are shown in Figure 8.8a (note: in this figure, 
normalized transmission values above or below unity refer to enhanced or suppressed 
transmission, respectively, relative to a film with a randomly perturbed version of the 
same type of hole array).  For a planar gold film with 992 holes arranged in the same 
quasi-periodic pattern as for a CA gold replica (the replica shown in Figure 8.6), the 
calculated normalized spectrum exhibited enhanced transmission peaks centered at ~4.3, 
~3.2 and ~2.1 µm, and suppressed transmission valleys (minima) centered at ~3.4 and 
~2.8 µm.  This CA-based hole array possessed local hexagonal order (i.e., to within about 
3-4 nearest hole neighbors) without extensive long-range periodicity.  In light of such 
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short-range order, a similar calculation was conducted for a planar gold film containing a 
perfectly-ordered hexagonal array with only 16 holes.  The calculated transmission 
spectrum for this 16-hole periodic hexagonal array (also shown in Figure 8.8a) was found 
to be in reasonably good agreement with that calculated for the 992-hole quasi-periodic 
CA array.  Such agreement indicated that the short-range order of holes in a CA-based 
array played a dominant role in enabling IR transmission through gold structures with 
such a quasi-periodic hole pattern.    
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Figure 8.8.  Normalized transmission spectra of hole-array structures fabricated in planar 
Au films using FIB milling.  a) Calculated transmission efficiency spectra of gold films 
with a quasi-periodic CA-derived hole array pattern (black) and a periodic hexagonal 
array with 16 holes and a = 2320 nm (gray).  Model parameters (plasmon coupling 
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parameter, phase shift upon launch of SPP) were taken to be the same as in reference 47.  
The dielectric function of our nanocrystalline Au film was found to be nearly identical to 
that reported by Palik [50].  The dielectric function of the substrate was very similar to 
that of the index matching oil, so the oil dielectric function was used for the bounding 
medium on the top and bottom of the Au film.  b) Experimental spectra obtained from 
planar gold films with a quasi-periodic CA-derived hole pattern normalized to a randomly 
perturbed CA-derived hole array pattern (black) and a periodic hexagonal hole array 
pattern normalized to a perturbed hexagonal hole array pattern (gray). 
 
The normalized transmission spectra calculated from the SPP interference-based 
model (Figure 8.8a) were then compared to the experimentally-measured normalized 
spectra shown in Figure 8.8b.  Reasonably good agreement was observed between the 
calculated and experimentally-measured spectra at relatively long wavelengths; that is, 
for films possessing the periodic hexagonal and quasi-periodic CA-derived hole arrays, 
two transmission peaks (with the stronger primary peak detected at a longer wavelength) 
were observed at wavelengths greater than ~2.7 µm for both the calculated and measured 
spectra.  For the film with the CA-derived quasi-periodic hole array, the strongest 
transmission peaks obtained from the calculated and experimentally-measured spectra 
were centered at ~4.3 µm (Figure 8.8a) and ~4.2 µm (Figure 8.8b), respectively.  For the 
planar film with the periodic hexagonal hole array, the calculated and measured strongest 
transmission peaks were both centered at ~4.5 µm.  Secondary transmission peaks in the 
calculated spectra were observed at ~3.2 µm and ~3.3 µm for the quasi-periodic CA-
derived and periodic hexagonal hole arrays, respectively.  For the measured spectra, such 
secondary transmission peaks also appeared to be located between 3.1-3.5 µm, although 
identification of the location of these measured secondary peaks was complicated by the 
presence of C-H absorption bands from the index-matching oil at 3.3-3.6 µm.  A 
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suppressed transmission valley observed in the calculated spectra for the quasi-periodic 
CA-derived hole array at ~3.4 µm also appeared to be present in the measured spectra for 
this array between 3.3 and 3.6 µm.  A suppressed transmission valley observed in the 
calculated spectra for the periodic hexagonal hole array at ~3.6 µm was present in the 
measured spectra for this array at ~3.9 µm.   
At wavelengths below ~2.7 µm, the agreement between calculated and measured 
spectra in Figure 8.8 was relatively poor.  This could be due to diffraction and/or guided-
mode contributions to the measured transmission spectra that were not included in the 
SPP interference-based model of the present work.  The SPP interference-based 
calculations also predicted more intense transmission at 4.2-4.5 µm than was measured 
for the gold CA frustule replicas.  Structural features of the CA frustule replicas that may 
have influenced the extent of the measured transmission at these long wavelengths, and 
that were not considered in the model, include the curvature of the top and bottom 
surfaces of the gold replicas (seen in Figure 8.5d), the lateral variation in hole size (seen 
in Figure 8.5b), and the variation in hole size through the thickness of the CA frustule 
replica (seen in Figure 8.5e).    
The location and intensity of the primary transmission resonance peaks for these 
patterned-hole gold structures were significantly influenced by the presence of the index-
matching oil.  When the oil was replaced with air, the transmission maximum shifted 
from a wavelength of ~4.3 µm to ~2.8 µm for the Au CA frustule replica.  This change 
also resulted in a reduction in the peak transmission from 13% to 8.4%.  Such shifts in 
peak transmission wavelength and changes in intensity were also observed for the planar 
gold films with periodic hexagonal hole arrays and quasi-periodic CA-derived hole 
arrays.  These observations are consistent with the expected influence of the refractive 
indices of the media above and below the hole-patterned gold structures on the location 
of the transmission peaks associated with constructive interference of SPPs.  For the oil-
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bearing specimens, the effective SPP index at the interface between the oil and the upper 
surface of the gold structure is increased, leading to a larger effective SPP pathlength 
between holes and a shift of the transmission resonance to longer wavelength, as well as 
to better phase matching between the SPPs on the top and bottom giving an increase in 
transmission.   
This work demonstrates that self-replicating biogenic templates with well-
controlled 3-D shapes and patterned features can be converted, via a highly-conformal 
wet-chemical coating process, into metallic structures that retain the biogenic 
morphologies with a high degree of fidelity.  By combining the attractive self-assembly 
characteristics of diatoms and other structure-forming organisms (i.e., massively-parallel, 
genetically-precise, direct 3-D assembly of structures with a wide selection of nano-to-
microscale morphologies under ambient conditions) with such a readily-scalable 
chemical conversion process, metallic assemblies with a variety of selectable 3-D 
morphologies may be mass produced in a sustainable manner.  Proper selection of a 3-D 
shaped/patterned template from the extensive range of available biogenic morphologies, 
followed by shape-preserving conversion into an appropriate nanocrystalline element or 
alloy, can yield complex 3-D metallic structures with new (non-biological) properties for 
a host of applications. 
8.4  Conclusion 
Freestanding 3-D microscale nanocrystalline gold structures, with complex 
morphologies and fine patterned features inherited from silica diatom frustules, were 
synthesized via combined use of an amine-amplifying surface functionalization process 
and electroless gold deposition.  By using a cyclic polyacrylate/polyamine protocol to 
significantly amplify the pendant amino groups attached to aminosilanized diatom 
frustule surfaces, a high density of gold (III) complexes could be bound to such surfaces 
and then reduced to generate a high population of heterogeneous gold nucleation sites for 
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subsequent electroless gold deposition.  Owing to the conformal and continuous nature of 
the resulting thin (<100 nm) nanocrystalline gold coatings, selective dissolution of the 
underlying silica template yielded freestanding gold structures that retained the 3-D 
shapes and fine patterned features of the starting frustules.   
Freestanding diatom-derived gold structures with quasi-periodic hexagonal arrays 
of pores, inherited from Coscinodiscus asteromphalus diatom valves, exhibited 
transmission maxima and reflection minima at infrared wavelengths well above the 
average pore diameter.  Such extraordinary optical transmission was not observed for the 
starting silica diatom valves or for flat nonporous gold films, which indicated that such 
optical behavior resulted from the combined effects of the CA diatom-derived quasi-
periodic hole structure and the gold chemistry.  Enhanced transmission at similar infrared 
wavelengths was also observed for a planar gold film containing 992 holes arranged in a 
quasi-periodic pattern matching that of a CA diatom valve, as well as from a planar gold 
film with only 16 holes arranged in a perfectly periodic hexagonal array.  The latter 
observation indicated that the quasi-periodic order of holes on the CA-derived gold 
replicas (i.e., with local hexagonal order that extended out to only about 3-4 nearest hole 
neighbors) played a dominant role in such extraordinary IR transmission.  Calculations 
based on a surface-plasmon interference-mediated transmission model yielded 
wavelengths for such enhanced IR transmission that were in reasonable agreement with 
those obtained from experimental measurements of these patterned-hole gold structures.   
The scalable wet-chemical process described in this work for generating thin, 
continuous, and highly-conformal metallic coatings (dendritic amplification of surface 
amines coupled with electroless deposition) on non-conductive 3-D templates may be 
extended to a variety of other self-replicating biogenic, or self-assembling synthetic, 
templates to provide micro/nanopatterned metallic structures for a range of optical, 
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9.1  Thesis Conclusions 
This dissertation work consisted of the investigation of resolution improvement in 
the fabrication of photonic crystals (PCs) by multiphoton photolithography (MPL) as 
well as surface modifications of PCs to improve their photonic properties and to broaden 
their applicability to other areas of scientific research. 
The resolution of features fabricated by MPL for PCs have been limited to ~ 200 
nm under typical conditions, which had imposed a lower limit on the stopband position of 
between 1.0 – 1.3 µm.  Whereas several reports on post fabrication processing have 
resulted in improved resolution, the resultant structural distortions and anisotropic 
volume reductions have been less than ideal.  We have developed two methods to achieve 
improved resolution via MPL without compromising the PC structural integrity: 
3. We have demonstrated the use of the wavelength-dependent nature of the 
diffraction-limited focal volume to improve the fabrication resolution of MPL 
in Chapter 4.  MPL using 520 nm excitation produced feature sizes down to 
65 nm, compared to 200 nm sized features when typical excitation conditions 
were employed, i.e. 700-800 nm. 
4. We have utilized the chemically-induced swelling of photoresists to reduce 
the number of crosslinkable groups within the excitation focal volume which 
resulted in controlled reduction of feature sizes.  This method also produced 
improved isotropic volume reduction compared to other post fabrication 
processing techniques, resulting in essentially continuously tunable photonic 
 201 
stopbands with greater than 60% stopband reflectivity between 1 and 2 
microns as reported in Chapter 5. 
These two approaches take advantage of existing instrumentations and resist 
materials to produce feature sizes with resolution approaching that achieved by more 
complex instrumentation that utilizes advanced activation-depletion techniques. 
Furthermore, the fidelity of the currently produced structures exceeds that found using 
the aforementioned post fabrication methods.  The simplicity of the current methods 
implies that they can be more widely adopted, since the photoinitiation and materials 
processing remain largely unchanged. Consequently, fundamental resolution limits can 
be explored since they are largely determined by structural design and mechanical 
stability of the fabricated features. 
We have developed a fabrication system, described in Chapter 3, where PC 
templates can be fabricated efficiently in large quantities to facilitate 1) the production of 
PCs with reproducible photonic bandgap spectra, 2) the optimization of PC lattice 
parameters to ensure mechanical stability under various solution processing conditions, 
and 3) the investigation of the optical behavior of PCs with various coating 
morphologies.  Silver and titania possess promising optical properties that can 
significantly impact PCs when used as coating materials; for example, metallic PCs can 
be used for terahertz filtering and thermal emission suppression while titania possesses a 
refractive index sufficiently high enough to produce complete bandgaps.  Towards these 
applications, we used Michael addition to convert the unreacted acrylate at the polymer 
surface with amines which provided binding sites for material depositions: 
4. We have concluded, in Chapter 6, from detailed analyses of silver electroless 
deposition studies that the coating morphology is strongly dependent on the 
transport of reactive species into the microporous domains of PCs.  Whereas 
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plating reactions on flat 2D surfaces produce uniform coatings mirror-like 
surfaces, the coating dynamics for microporous, large surface area PCs were 
more complex and required more rigorous interrogation. 
5. We have demonstrated conformal coatings of PCs with titanium dioxide using 
a surface sol-gel method which resulted in stopband positions that were 
dependent on the coating thickness due to increased effective refractive 
indices and volume fill-fractions.  The uniformity of the coating allowed for a 
free-standing titania shell to remain after polymer template removal and this 
hollow PC still possessed a photonic stopband (Chapter 7).   
6. We have developed two surface modification methods to achieve varying 
silver coating morphologies in Chapter 6.  In the low surface coverage regime, 
sparsely coated PCs led to increased effective refractive index contrast 
between the polymer rods and air, resulting in enhanced stopband 
performance.  Conversely, in the high coverage regime even with limited 
reactant penetration, densely-coated PCs exhibited plasmonic bandgap 
properties with large broadband reflectivity and a band edge at 1.75 µm.   
These studies demonstrate that a wide range of materials can be used to both 
enhance the optical properties of polymeric PCs and impart novel functionalities for a 
broader class of applications.  With low material coverage or optically-thin coatings, the 
functionalization of polymeric PCs provides a flexible way to fine-tune the stopband 
positions and intensities.  With large coating thicknesses, the PCs assume the bulk 
properties of the applied material, mating the free-form fabrication benefits of MPL with 
the optical properties of a broad range of materials thereby allowing for production of 
devices that may otherwise be difficult to fabricate by traditional techniques.  
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We have also demonstrated that metallization of naturally occurring diatoms 
resulted in wavelength selective enhancement of transmission due to the periodic nature 
of their pore arrangements.  Interestingly, the metallization of these free-floating 
structures with straight channels proved to be more facile than for the surface-bound 
MPL fabricated PCs.   
 
9.2  Future Work 
Numerous promising pathways have been presented throughout the course of this 
work.  Two of the most obvious directions are the combination of high resolution features 
generation with titania coating methodologies to achieve complete bandgaps or to pursue 
thin conformal silver coatings to exploit localized surface plasmon resonance effects.  
Several more fundamental investigations are described below. 
 
9.2.1  Resolution Limit 
 During the continuing pursuit of resolution improvement for MPL, there has been 
little focus on the mechanical stability of fabricated features and their role in achieving 
self-supporting structures.  Although the swollen gel resist approach can be further 
optimized by increasing the concentration of hydrogenated terphenyls in the formulation, 
the increase in refractive index of the resulting mixture will likely induce beam 
aberrations in the focal volume during MPL.  Shorter wavelength excitation than the 520 
nm discussed herein could be achieved; however the combination of photoresist 
absorption with the limited number of photoinitiators that exhibit substantial TPA in this 
spectral region may limit the improvement possible using this method. 
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Utilizing the swollen gel resist in conjunction with short wavelength MPL could 
provide an immediate resolution improvement; extrapolating the size reduction observed 
from the longer wavelength excitation, feature sizes below 50 nm should be readily 
achievable.  Such feature sizes would not only allow for the fabrication of PCs wth 
stopbands in the visible portion of the spectrum but also permit the investigation of the 
mechanical properties of these minute features through systematic variations of the PC 
lattice parameters and through investigation by nanoindentation or atomic force 
microscopy.   
Another interesting aspect of these crosslinking features formed using near 
threshold power levels is the reorganization of the polymerized network upon 
development and deswelling.  While we have demonstrated that the aspect ratio of the 
voxel generated in a swollen gel resist remains similar to traditional methods (1:2.6), as 
the crosslink density is further reduced, an open question remains:  Will the 
reorganization of the uncrosslinked branches result in a decrease in the voxel aspect 
ratio? 
 
9.2.2  Photonic Stopband Optimization 
 Electroless plating provides a facile means to rapidly deposit metals onto PCs, 
however the limited transport of reactants into the microporous domains and the rapid 
deposition rate of typical electroless plating solutions led to inhomogeneous deposition 
throughout the PC.  A more controllable and homogenous coating could be achieved 
though the binding of metal nanoparticles to the same amine modified PCs.  Well 
characterized nanoparticles with narrow size distributions could be synthesized or 
purchased in the range of 10 – 100 nm and their coverage density on PCs could be varied 
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by the degree of amine functionalization, this type of control could provide a high degree 
of precision in the tuning of the effective refractive index.   
 The plasmonic bandgap effect observed from samples with metallized PCs where 
only the top 2-3 layers were coated with a thick layer of silver suggests that the 
interaction pathlength of the incident probing light is limited.  This reduction in 
pathlength translates to fewer layers needed to generate plasmonic bandgap effects.  
Metallization of PCs with fewer layers is advantageous in several respects, 1) reduced 
fabrication time, 2) improved mechanical stability, and 3) reduced coating contrast for the 
inner layers near the surface.   
Another route to achieve metalized PCs with high conductivity is by 
electrodeposition.  To retain the same structural design, an inverse of the structure could 
be fabricated using MPL on conducting indium-tin-oxide coated glass substrate, followed 
by electroplating and finally through the use of chemical or oxygen plasma etching of the 
polymer template.  The main advantages using this technique are the versatile nature of 





PHOTOPHYSICS OF A BISSTYRYLBENZENE TWO-PHOTON 
RADICAL INITIATOR 
A.1  Introduction 
Multiphoton photolithography has been of much interest in the past two decades as this 
nonlinear absorption process provides the unique capability to induce localized 
crosslinking inside a tightly confined excitation volume [1-3].  The translation of this 
excitation volume, a voxel, provides a means to generate any arbitrary 3D structure that 
would be both time-consuming and expensive through traditional 2D layer by layer 
technique.  The mechanism for photoinitiation via this nonlinear excitation process had 
been broadly attributed to the formation of initiator radicals that promotes polymerization 
through photocleavage, as in the case of commercially available Irgacure 369 [4],  or via 
hydrogen abstraction, for example in benzophenone-based chromophores [5].  In these 
mechanisms, as illustrated in Figure A.1, the radicals are generated by two photon 
excitation to a two-photon-allowed excited state, followed by rapid internal conversion 
relaxation to the lowest excited state and subsequent intersystem crossing to the triplet 
state where the initiator undergoes photocleavage or hydrogen abstraction.  For such 
radical-based initiation, it is generally believed that initiators possessing high 
fluorescence quantum yields are less desirable since the radiative decay rate exceeds that 
of the intersystem crossing rate thereby reducing the excited state population that can 
effectively produce radicals [6]. 
E,E-1,4-bis[4-(di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB), 
molecular structure shown in Figure A.2, was found to efficiently initiate polymerization 
in the presence of acrylate monomers when irradiated with excitation in the two-photon 
absorption (TPA) band [1, 7].  Contrary to the typical properties of the aforementioned 
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two-photon radical-based initiators, DABSB exhibits 1) a large fluorescence quantum 
yield [8] suggestive of preferential deactivation of the excited state via radiative decay 
and hence a low triplet yield, 2) a cubic irradiance dependence for induced 
polymerization [9] while other initiators used in the literature exhibit quadratic 
dependencies [7], and 3) low UV polymerization efficiencies where > 2 hours of 
illumination was necessary for 2D patterning compared to < 5 minutes for a similarly 
prepared resin including a well-known UV photoinitiator, i.e. Irgacure 369.  These 
properties suggest the initiation mechanism of DABSB is different from other radical 
initiation systems in the literature and further investigation is necessary to elucidate the 
mechanisms of initiation. 
 
Figure A.1.  Typical excitation, initiation and deactivation pathways of radical-based 
two-photon initiators [4]. 
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Figure A.2. Molecular structures of photoinitiator DABSB. 
 
There are a number of potential initiation pathways for DABSB including 1) 
reaction from the triplet state, 2) electron transfer from a singlet excited state, 3) 
multiphoton ionization, or 4) thermal initiation.  Based on the observations listed above, 
the triplet state would be formed with a very low efficiency and consequently reaction 
from this state is unlikely. Furthermore, the higher-order irradiance dependence for 
multiphoton excitation coupled with inefficient one-photon induced polymerization 
suggests that higher lying singlet states are likely involved in the initiation mechanism.  
In this chapter, femtosecond transient absorption (TA) studies are performed to aid in the 
understanding of the photophysical processes of DABSB involved in initiating 
polymerization.   
TA measurements under one-photon excitation conditions were performed as a 
control experiment to investigate the photophysical dynamics of DABSB from the S1 
state, whereas two-photon excitation was used to approximate conditions used for 
multiphoton lithography. As mentioned above, under multiphoton excitation conditions 
one route for initiation is via electron transfer from a higher-lying excited state (Figure 
A.3a).  This was a distinct possibility as the S1 excited state exhibited a strong absorption 
band (see below) that coincided with the TPA maxima (i.e. λexc = 730 nm).  Another 
potential pathway for initiation is multiphoton ionization (Figure A.3b). For multiphoton 






acceptor, whereas photoinduced electron transfer requires the presence of an acceptor to 
facilitate its process. Accordingly, two-photon pumped TA experiments were performed 
on solutions of DABSB at concentrations typically used for multiphoton lithography both 
in the presence and in the absence of the triacrylate monomer. To increase the likelihood 
of observing the photoinduced cationic spectrum, an alternative acceptor with a much 
stronger electron-accepting affinity than the monomer (i.e. duroquinone [10]) was also 
investigated in solutions of DABSB.  




Figure A.3.  Depictions of potential routes for initiation in DABSB: (a) electron transfer 
from an upper excited state and (b) multiphoton ionization.  Energy levels are scaled to 
the transitions observed in both linear absorption and TA spectra with the ionization 
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potential set at 6 eV. 
 
 
A.2  Experiment 
To investigate the photophysics of DABSB and the formation of DABSB radical 
cations, DABSB solutions in various conditions were prepared.  First, DABSB solution 
of 1.826 mM in dioxane without the addition of acceptor was prepared as a reference 
sample to understand the photophysics of DABSB molecule and to determine whether the 
initiation species is formed instantaneously via multiphoton ionization.   Second, to aid in 
the formation of DABSB radicals, the DABSB solution in dioxane with 0.3 M 
duroquinone (Aldrich, 97%) was prepared; this concentration was chosen to ensure close 
the acceptors shared close proximity with the DABSB’s solvation shell.  Third, a DABSB 
solution of 1.826 mM in acrylate monomer (Sartomer, SR9020) was prepared for an in 
situ TA study of the actual multiphoton photolithography process. For the TA 
experiments, all three sample solutions were filled in 2 mm path length cells and were 
stirred continuously throughout the acquisition process. 
Excitation wavelengths of 475 and 730 nm were chosen to study the one- and 
two-photon pumped photophysics of DABSB and its radicals.  The 475 nm excitation 
corresponds to the transition between the ground and lowest energy excited state (2.90 
eV), which should provide information about decay pathways from this lowest singlet 
state.  Two-photon pumping was performed at the peak of the TPA spectrum (730 nm) to 
generate a population of molecules in this excited state (3.4 eV), see Figure A.4.  
Irradiance-dependent measurements were performed for all sample solutions and at all 
excitation wavelengths.   The TA spectra were probed in both the visible (400 – 850 nm) 
and infrared (800 – 1600 nm) spectral regions. 
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Figure A.4.  Linear absorption spectrum of DABSB in dioxane, TPA [8] and fluorescence 
spectra of DABSB in toluene. 
 
 
Femtosecond TA studies were carried out using a commercial pump-probe 
spectroscopy system (Ultrafast Systems, Helios), see Figure A.5, where the excitation 
wavelengths (470, and 730 nm) were generated by an automated ultrafast OPA (Spectra-
Physics, TOPAS), and the probing beam was a white-light continuum (WLC) generated 
by splitting a portion (~5%) of 800 nm amplified femtosecond pulses (Spectra-Physics, 
Spitfire) and focusing into an appropriate crystal.  The pump and the probe beams were 
spatially overlapped in the sample.  The probed signal was detected by a fiber optic cable 
coupled to a multichannel spectrometer with a Silicon (400-900 nm) or InGaAs sensor 
(800-1600 nm).  The resolvable temporal delay window extended up to 3 ns.  The pump 
beam was chopped at 500 Hz to obtain, sequentially, the WLC spectrum without pump 
and alternately with the pump, which was used to calculate the transient spectra 
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represented as a change in optical density (ΔOD).  Each transient spectrum at a given 
time delay was averaged for 1.5 seconds.  A chirp correction function for the WLC probe 
was determined using measurements of the instantaneous response of the solvent and was 
applied to all transient spectra. 
 
Figure A.5.  The optical layout of femtosecond transient absorption spectrometer [11]. 
 
 
The resultant kinetics were fitted using a sum of exponential decay functions to 
account for the depopulation dynamics from the excited state,   
 Δ𝑂𝐷 = 𝑦0 + 𝐴1𝑒−(𝑡−𝑡0)/𝜏1 + 𝐴2𝑒−(𝑡−𝑡0)/𝜏2 + 𝐴3𝑒−(𝑡−𝑡0)/𝜏3 (1) 
where A is the amplitude of a transient absorbing species with lifetime of τ, and y0 is the 
offset.  The amplitude relates to the relative populations of the present species and 
whether these species are in the process of being populated or depleted.  The offset term 
corresponds to long-lived species that exhibit lifetimes greater than the measurement 
window, for example triplet excited states. 
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A.3  Results and Discussion 
A.3.1  One-photon excitation at 475 nm 
One-photon excitation of DABSB in dioxane revealed the spectral evolution of 
TA as shown in Figure A.6.  The most pronounced spectral feature was an excited state 
absorption band centered on 730 nm, along with a weaker band at 660 nm and stimulated 
emission at 520 nm.  The decay kinetics were globally fit with equation (1) and the ratio 
of the pre-exponential amplitudes indicated a single dominant decay component with a 
lifetime of 1.30 ns, accompanied by a fast component that exhibited a lifetime of 3 ps.  
The fast decaying component is likely related to conformational reorientation or 
vibrational relaxation after excitation.  The decay of the slow component is in good 
agreement with reported lifetime of 1.38 ns in acetonitrile [8] and 1.29 ns in 
tetrahydrofuran [12] by picosecond time-correlated single photon counting, 
corresponding to the depopulation of the lowest singlet excited state.   
 
Figure A.6.  Transient spectra of DABSB in dioxane at pumping power of 2.7 mW 
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(excitation = 475 nm). 
 
 
In the presence of duroquinone, the slow component of the decay (1.30 ns) 
observed in the dioxane solution was reduced to 66 ps, suggesting that a new pathway 
with a large electron transfer rate may now exist for the formation of charged species.  
The comparison of the two decays at 720 nm is shown in Figure A.7.   
 
Figure A.7.  Decay kinetics at 720 nm of DABSB with and without the presence of DQ 
acceptor at pumping power of 2.7 mW (excitation at 475 nm). 
 
The TA spectrum observed immediately after excitation (i.e. 1 ps, see Figure A.8) 
is identical to the excited-state absorption spectrum found for DABSB previously.  The 
formation of a long-lived species was observed at approximately 700 ps after the 
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excitation pulse (Figure A.7).  This newly formed species showed broad absorption peaks 
at 660 and 740 nm (Figure A.8), similar to that of the chemically generated cation of 
DABSB  in dichloromethane (691 and 782 nm, respectively, Figure A.9).  The observed 
hypsochromic shift between the two spectra may be attributed to differences in solvent 
polarity.  If one assumes that the peak absorption cross-sections of the excited-state and 
the cation are similar, the relative number of excited-state carriers versus generated 
charged species can be gauged by comparing the transient spectra in Figure A.8.  
Accordingly, it seems that the charged species have been reduced by nearly a factor of 
100 compared to the initially prepared excited state.  This discrepancy could be explained 
by noting that rapid recombination of the cations and electrons is likely due to the close 
proximity of the donor and acceptor. The residual cationic signal present at long delays 
may therefore simply originate from charge species that have diffused from the initial site 
of generation prior to recombination. This may also explain the delay in the observation 
of the cation-like spectrum following the initial decay of the excited state.  
 
Figure A.8.  Transient spectra of DABSB with DQ at pumping power of 2.7 mW 
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(excitation at 475 nm). 
 
Figure A.9.  Overlay of TA spectra of DABSB with acceptor (DQ) at 3 ns delay 
following excitation collected from visible and near infrared probes along with the 
DABSB cation spectrum generated by antimony pentachloride in dichloromethane 
(Cation data courtesy of Dr Mohanalingam Kathaperumal and Dr Thayumanvan 
Sankaran)  
 
Near infrared probing of the DABSB dioxane solution revealed weak TA bands at 
850 nm  and 1400 nm (Figure A.10) that have lifetimes of 3 ps and 1.30 ns, suggesting 
the same decay from the lowest excited state as in the visible probing case.  The lifetime 
of this species in the presence of duroquinone was also significantly shortened to 91 ps 
and a broad absorption band with a maximum at 1500 nm (Figure A.10) was observed at 
the same delay time as the cation species observed with the visible probe.  The location 
 217 
of this near-infrared absorption band is in close proximity to the cation spectrum of a 
closely-related bis-styryl benzene chromophore [13].   
 
Figure A.10.  Transient absorption spectra collected at 3 ns after excitation with and 
without the presence of acceptor (DQ) at pumping power of 2.7 mW (excitation at 475 
nm).  (Note the sharp dip at 1210 nm is an artifact and is not a feature of the cation 
absorption). 
 
Linear excitation of DABSB in the acrylate monomer solution revealed similar 
spectral evolutions and decay kinetics as for the dioxane solution under the same 
excitation conditions.  The decay kinetics showed two dominant decay components:  the 
slow component exhibited the same lifetime of 1.30 ns, while the fast component showed 
a slower kinetic of 90 ps in acrylate versus 3 ps in dioxane, the latter difference likely 
resulting from conformational reorientation for solvents with different viscosities.  
Although no cation-like species was evident in the transient spectra, crosslinking of the 
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monomer in an unstirred solution was observed, suggesting that the number of cations 
needed to initiate the chain polymerization may simply be much lower than the number 
necessary for observation of TA. Given the weak efficiency for one-photon induced 
polymerization via UV excitation for this initiator/resin system, the observation of 
polymerization via one-photon excitation here was initially puzzling. However, given that 
the excitation pulses at 475 nm employed for TA deliver significant irradiances to the 
sample, the proposed routes for polymerization, either step-wise absorption induced 
electron transfer or multiphoton ionization, are still quite possible. 
 
A.3.2  Two-photon excitation at 730 nm 
Two-photon pumping at 730 nm of DABSB in dioxane showed excited state 
spectral features (Figure A.11) that were very similar to the one-photon pumped case.  
The early time kinetics however indicated a growth of this excited state absorption 
(lifetime of ~10 ps), suggesting rapid relaxation from a higher-lying two-photon excited 
state to the lowest one-photon excited state through internal conversion.  This lowest one-
photon excited state gave a lifetime of 1.0 ns in dioxane; this lifetime is shorter than the 
475 nm excitation due to the additional rate of the population from the two-photon 
excited state.  The two-photon pumping of the DABSB solution was meant to test the 
proposed mechanism of multiphoton ionization for initiation.  There was no evidence of 
the cation-like species even at long temporal delays.  Unfortunately, as mentioned above, 
this may simply be the result of an insufficient number of charged carriers being 
generated for the observation of the TA spectra. 
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Figure A.11.  Transient spectra at various delay times without acceptor at 3.2 mW 
excitation power (excitation at 730 nm). 
 
Two-photon pumping of the duroquinone containing solution revealed a 
shortened lifetime from 1.00 ns to 55 ps, similar to the one-photon pumping case (Figure 
A.12).  However, negligible cation absorption (691 and 782 nm) was observed in this 
case, likely due to the difference in excitation conditions.  Whereas in one-photon 
excitation the number of molecules promoted to the excited state is proportional to the 
irradiance, two-photon pumping results in a quadratic irradiance dependence giving rise 
to a significantly yield of excited states.  Comparison of the ΔODs for each excitation 
condition (Figures A.8 and A. 12) resulted in a 60 times reduction in the excited state 
population due to two-photon pumping (after accounting for the effective pathlengths). 
Given the small fraction of cations produced via one-photon pumping, it is clear that any 
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cation absorbance signal here would be reduced to well below the noise levels of the 
system. 
 
Figure A.12.  Transient spectra at various delay times with acceptor at 3.0 mW pumping 
power (excitation at 730 nm). 
 
Transient experiments in the monomer solution revealed early time kinetics 
similar to the 730 nm pumped dioxane solution.  A 10 ps rise time was observed as the 
lowest excited state was populated after TPA.  The decay from this excited state followed 
similar trends as the two-photon pumped dioxane sample and the one-photon pumped 
dioxane and monomer solutions with a lifetime of 1.00 ns.  As with the one-photon 
pumped monomer solution, crosslinking was observed in the non-stirred sample with no 
observation of any cation-like signatures. 
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A.4  Conclusion 
Femtosecond transient experiments of DABSB in solution revealed an S1 excited-state 
that was populated under both one- and two-photon excitation conditions.  This excited 
state exhibited strong absorption at 730 nm, which coincided with the maximum in the 
TPA spectrum.  This suggested that the proposed initiation mechanism of step-wise 
excitation to a higher lying excited state followed by charge-transfer was plausible.  This 
was further supported by TA spectra of DABSB in the presence of a duroquinone 
acceptor at delays >1 ns after excitation which were found to be similar to the chemically 
generated DABSB cation spectrum.  Unfortunately, cation-like spectra were not observed 
in the monomer-containing solutions despite evidence of photoinduced crosslinking 
under both excitation conditions; however, this was likely due to the generation of a 
small population of charge carriers.  Cation-like spectra in the DABSB-only solution 
under two-photon excitation were also not observed.  This does not provide support for 
the proposed initiation mechanism of multiphoton ionization, however generation of a 
small population of carriers may once again prevent this.  Consequently, transient 
absorption studies did not provide definitive support for either of the two proposed 
mechanisms for initiation.  Additional investigations may provide a means for 
discriminating between these mechanisms.  For example, crosslinking experiments with 
varying the redox levels of the accepting monomers could be used to determine the 
energy level at which initiation occurs for DABSB.  Alternatively, a wavelength 
dependent one-photon crosslinking experiment of the triacrylate monomer containing 
solution could reveal the energy of the excited state that leads to initiation.  As to the 
possible thermal initiation pathway, a calculation of the heat deposition under typical 
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microfabrication conditions or a temperature dependent crosslinking threshold study 
could reveal a difference in polymerization thresholds.  
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